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Abstract

Three-dimensional bioprinted droplets intended to support immune-cell expansion should reproduce not
only the biochemical environment of lymphoid tissues, but also their mechanical and transport-related
cues. Here, we developed a simplified lymph node-inspired platform based on droplets bioprinted with a
nanocellulose-reinforced alginate bioink which resemble size, shape and stiffness of native lymphoid
tissue, and laden with Jurkat cells, used here as a tractable human T-cell line model, and investigated
whether clinorotation could promote their flow-mediated mechanical maturation. Droplet motion and
surrounding hydrodynamic environment were characterized by video tracking and computational fluid
dynamics, whereas local and bulk mechanics were assessed by nanoindentation and rheology after
static or dynamic culture. Under the selected rotational regime, the droplets followed stable orbital
trajectories within a suspension-based, low-shear environment. Prolonged dynamic conditioning induced
marked stiffening of nanocellulose-alginate droplets, as demonstrated by an increase in apparent
Young's modulus and higher storage moduli. This response was formulation-dependent and was not
reproduced to same extent in alginate hydrogels, indicating that nanocellulose network plays a key role
in enabling flow-responsive mechanical maturation. Compared with static controls, dynamically cultured
droplets showed higher cell viability, enhanced proliferation, and increased intracellular ATP over 10
days. As proof of concept, dynamically conditioned Jurkat-laden droplets were interfaced with U87
glioblastoma cells in a transwell assay and induced a greater reduction in U87 viability than static
droplets or free-cell controls. These findings identify clinorotation as a flow-mediated conditioning
strategy capable of promoting mechanical maturation of nanocellulose-reinforced 3D-bioprinted droplets
toward the stiffness range of native lymph node while supporting Jurkat T-cell expansion and
subsequent immune-tumor interaction studies. The observed biological response likely reflects the
integrated contribution of matrix remodeling, hydrodynamic loading, enhanced mass transport, and
waste removal.

1. Introduction

Adoptive cell therapies depend on the ex vivo generation of large numbers of viable, proliferative, and
functionally competent lymphocytes. Despite substantial clinical progress, current manufacturing
workflows remain limited by prolonged expansion times, donor-to-donor variability, loss of functional
quality during culture, and the difficulty of achieving therapeutically relevant cell yields in a reproducible
manner [1-4]. Most expansion protocols are still performed in static or quasi-static systems that only
partially reproduce the three-dimensional, mechanically active, and transport-regulated environments in
which lymphocyte activation, proliferation, and differentiation normally occur. As cell density increases,
the emergence of local oxygen and nutrient gradients, restricted metabolite clearance, and spatially
heterogeneous cell-cell interactions can further reduce process efficiency and contribute to variability in
the final cellular product.

Three-dimensional bioprinting provides a means of addressing some of these limitations by enabling the
controlled fabrication of cell-laden droplets with defined geometry, composition, porosity, and internal
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organization [5]. Such platforms are increasingly being developed to recreate tissue-relevant
microenvironments for immunology, oncology, and regenerative medicine, including engineered
lymphoid niches and in vitro models of immune-tumor interactions [6-10]. This strategy is particularly
relevant to T-cell culture because lymphocyte activation and clonal expansion occur physiologically
within the lymph node paracortex, where stromal architecture, extracellular matrix organization,
interstitial transport, cell confinement, and mechanical cues act in concert to regulate immune-cell
behavior. Accordingly, a lymph node-inspired droplet need not reproduce the full cellular and anatomical
complexity of a native lymph node to provide a useful experimental platform; rather, it may recapitulate
selected structural and biophysical features that are absent from conventional suspension culture [11-
15]. To avoid ambiguity, the term “lymph node-inspired” is used throughout in a restricted, biophysical
sense. It denotes a three-dimensional lymphocyte-laden droplet construct designed to approximate
shape, size, and stiffness range of native lymph node measured here in a murine model. It does not
imply reconstruction of lymph-node architecture, stromal and antigen-presenting cell composition,
chemokine organization, or immune function.

The choice of biomaterial is central to this approach because the matrix is not merely a passive carrier
for encapsulated cells. Its viscoelasticity, poroelasticity, permeability, stress-relaxation behavior, and
susceptibility to structural remodeling collectively determine how mechanical forces and soluble factors
are transmitted through the droplet. Among printable hydrogel systems, alginate-based bioinks
reinforced with cellulose nanofibrils are particularly attractive because they combine cytocompatibility,
print fidelity, and structural stability under physiological conditions [16—20]. In these composites, the
ionically crosslinked alginate phase provides the hydrated polymer network, whereas nanocellulose
introduces a fibrillar reinforcing architecture that enhances mechanical integrity and supports extrusion-
based processing. Importantly, cellulose nanofibrils are responsive to hydrodynamic processing: their
orientation, packing, and supramolecular organization can be modified by flow, and flow-induced
alignment has been associated with increased stiffness and strength in nanocellulose-based materials
[21-23]. These properties raise the possibility that nanocellulose-alginate droplets may remain
mechanically evolvable after printing and may undergo a form of post-fabrication maturation when
exposed to sustained dynamic culture.

This possibility is biologically relevant because T lymphocytes are intrinsically mechanosensitive [24,
25]. Mechanical forces contribute to T-cell receptor engagement, immune-synapse formation, migration,
proliferation, and effector differentiation, while the mechanical properties of the extracellular
environment influence how these signals are integrated [26—28]. Studies performed on two-dimensional
substrates have shown that rigidity can regulate human T-cell activation and proliferation, whereas three-
dimensional porous matrices have demonstrated that changes in stiffness may affect activation,
cytokine production, motility, and cell division [29, 30]. Nevertheless, the relationship between matrix
mechanics and T-cell behavior is not expected to be monotonic or universal. It depends on
dimensionality, ligand availability, matrix architecture, confinement, cell activation state, and the
timescale over which mechanical signals are applied. Consequently, any biological effect associated
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with hydrogel stiffening should be interpreted as part of a broader mechanochemical and transport-
dependent response rather than as the consequence of stiffness alone.

Dynamic culture offers a potential means of inducing such post-printing conditioning. Clinostat and
rotating-wall-vessel systems were originally developed to reproduce selected aspects of microgravity,
but they also function as low-shear suspension bioreactors capable of reducing sedimentation,
maintaining three-dimensional droplets in continuous motion, and improving the exchange of nutrients,
oxygen, and metabolites [31-35]. From a biofabrication perspective, their relevance therefore extends
beyond altered gravity. Clinorotation reorganizes the hydrodynamic environment surrounding the droplet
and exposes it to time-dependent fluid motion, residual droplet-medium slip, local velocity gradients,
pressure variations, and cyclic changes in orientation. These effects may influence both mass transport
and the internal organization of a flow-responsive hydrogel. Importantly, however, clinorotation should
not be regarded as a simple or spatially uniform shear-stress stimulus. The effective mechanical loading
experienced by a freely moving droplet depends on its trajectory, degree of co-rotation with the
surrounding medium, distance from the chamber wall, and local flow field. The resulting condition is
therefore more accurately described as flow-mediated hydrodynamic conditioning than as exposure to a
single defined shear-stress value.

This distinction is also important when interpreting immune-cell responses. Real and simulated
microgravity have produced heterogeneous and context-dependent effects on lymphocytes. Impaired
activation and reduced IL-2-related signaling have been reported in primary T cells under several
exposure conditions [36—39], whereas non-activated Jurkat cells have shown adaptive changes in
morphology, metabolism, and proliferation that vary with exposure duration and experimental platform
[40]. These observations argue against attributing cellular responses exclusively to gravity-vector
averaging. In a cell-laden hydrogel droplet, clinorotation simultaneously modifies sedimentation, solute
transport, waste clearance, matrix hydration, fluid-matrix interactions, and the mechanical state of the
biomaterial. The biological outcome therefore reflects the integrated response of cells and matrix to a
dynamically conditioned microenvironment.

In the present study, we investigated whether clinorotation could promote the flow-mediated mechanical
conditioning of lymph node-inspired, Jurkat-laden droplets designed as a biophysical lymph node
surrogate bioprinted from a nanocellulose-reinforced alginate bioink. Droplet trajectories and chamber
hydrodynamics were characterized by video tracking and computational fluid dynamics, while local and
bulk matrix mechanics were evaluated by atomic force microscopy nanoindentation and rheology.
Alginate-only droplets were included to determine whether the mechanical response depended on the
presence of the nanocellulose network. We then examined whether dynamic conditioning was
associated with changes in Jurkat viability, proliferation, and metabolic activity. Finally, a simplified
Jurkat/U87 transwell co-culture was used as a proof-of-concept system to evaluate the potential of
dynamically matured droplets for immune-tumor interaction studies. Within this framework, the study
addresses two interconnected questions: whether sustained hydrodynamic conditioning can reshape the
mechanical state of a 3D-bioprinted nanocomposite hydrogel, and whether the resulting matrix and
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transport environment can support improved expansion of Jurkat T cells. Because these variables are
intrinsically coupled in the present experimental design, the observed biological effects are interpreted
as the integrated consequence of flow-mediated matrix remodeling, dynamic mass transport, and
suspension culture rather than as the isolated effect of shear stress or hydrogel stiffness. Additionally,
Jurkat cells were selected as a reproducible and well-characterized surrogate for the biophysical
component of this question; they do not reproduce the activation requirements, phenotypic
heterogeneity, or receptor specificity of primary human T cells, and the present work is therefore
positioned as a material- and process-level study.

2. Materials and methods
2.1. Cell Culture

Human glioblastoma cells (U87 MG) and human leukemic T-cell line Jurkat were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Cell lines were cultured in DMEM and
RPMI 1640 medium (STEMCELL Technologies, Vancouver, BC, Canada), respectively, supplemented with
10% fetal bovine serum (FBS; EuroClone, Milan, Italy) and 1% penicillin-streptomycin (Sigma-Aldrich, St.
Louis, MO, USA). Cells were maintained in T75 flasks (Corning Inc., NY, USA) at 37°C in a humidified
atmosphere with 5% CO,. Media were refreshed every 3 days, and cells were passaged upon reaching

80% confluence (U87) or a density of 2x10° cells/mL (Jurkat) to ensure logarithmic growth phase for all
experiments.

2.2. Cell encapsulation and 3D bioprinting

To prepare the cell-laden bioink, Jurkat cells were pelleted and resuspended at a density of 107 cells/mL.
This suspension was integrated into the CELLINK RGD nanocellulose-reinforced alginate (Alg/Cel/RGD)
bioink (CELLINK, Boston, MA, USA) at a 1:10 v/v ratio. Homogeneous mixing was achieved using a
sterile double-syringe system connected via a luer-lock adaptor. The resulting bioink was loaded into a 3
mL pneumatic cartridge and mounted on a BIO X6™ bioprinter (CELLINK). A droplet-based bioprinting
strategy was employed, using an 18 G high-precision nozzle (inner diameter 840 pm) to dispense
droplets into 24-well plates (Corning Inc.) of ~ 5 um diameter. The printing parameters were set to an
extrusion pressure of 10 kPa with an extrusion time of 2 s per droplet. Immediately after extrusion, the
3D-bioprinted models were chemically stabilized using a 5% (w/v) CaCl, ionic crosslinking solution for 5
minutes. Following crosslinking, the droplets were washed and incubated in fresh RPMI 1640 complete
medium at 37°C with 5% CO.,.

The bioink was selected on the basis of a previous comparative study in which the nanoscale
mechanical response of a panel of printable hydrogel formulations, including alginate, nanocellulose-
reinforced RGD-functionalized alginate (CELLINK RGD), GeIMA and modified GelMA-A, was characterized
by AFM nanoindentation and bulk rheology [41]. Among the formulations tested, the nanocellulose-
reinforced RGD-functionalized alginate exhibited apparent stiffness values closest to the range reported
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for soft lymphoid tissue and was therefore selected for the present study. Three additional properties
made this formulation suitable for the specific aims of this work. First, the fibrillar nanocellulose phase is
responsive to hydrodynamic processing, and its orientation and packing can be modified by flow, which
is a prerequisite for the post-printing mechanical maturation investigated here. Second, the RGD
functionalization provides integrin-binding motifs that are absent from unmodified alginate and that
support cell-matrix engagement within the construct. Third, the formulation is crosslinked ionically under
mild conditions compatible with encapsulated lymphocytes and retains droplet shape fidelity at the
extrusion parameters used, avoiding the photoinitiators and UV exposure required by methacrylated
systems.

2.3 Excision of native murine lymph nodes

Axillary lymph nodes from n = 3 independent mice were collected upon sacrifice by carbon dioxide
inhalation. Lymph nodes were identified in white-light stereomicroscopic examination and the
surrounding connective tissue and fat were removed. The excised lymph nodes measured approximately
3.5 mm x 2.0 mm. Lymph nodes were kept in PBS and mechanical measurements were performed on
the same day.

2.4. Clinostat culture and optimization of the
hydrodynamic conditioning regime

The clinostat expansion of the 3D-bioprinted droplets was performed using the ClinoStar bioreactor
system (CelVivo, Odense, Denmark). This system utilizes a rotating wall vessel (RWV) technology to
create a low-shear environment, facilitating optimal nutrient exchange and high-density cell growth. A
preliminary optimization phase was conducted to identify the ideal fluidic regime for the nanocellulose-
reinforced droplets. Rotational speeds were systematically varied (ranging from 10 to 50 rpm) to
evaluate their impact on droplet suspension and orbital stability. While lower speeds (< 15 rpm)
maintained the droplets in a near-stationary state, they lacked sufficient mass transport. Conversely,
higher speeds (> 45 rpm) introduced irregular trajectories and wall collisions. Based on the trajectory
analysis performed via the SAM3 tracking pipeline (see Section 2.5), 25 rpm was selected as the
standard operating speed for all subsequent experiments. At this velocity, the droplets followed a highly
reproducible and stable circular orbit, effectively balancing the requirements for low shear stress with
the need for a clean, consistent, and predictable motion path. All dynamic cultures were maintained at
37°C and 5% CO, within the ClinoStar climate-controlled chamber.

2.5. Deep learning pipeline for automated 3D droplet
tracking

Videos of cells were analyzed in Python using a custom pipeline implemented in Google Colab on a
A100 NVIDIA GPU. Video files were loaded with the transformers video utilities (OpenCV backend), and

all frames were converted to PIL.Image format at their original spatial resolution. The frame rate and
image dimensions were extracted from the video metadata to allow subsequent conversion from frame
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index to physical time. Semi-automatic segmentation and tracking of individual cells were performed
with the SAM3 Tracker Video model (Hugging Face Transformers). For each video, the first frame was
displayed in an interactive widget, and the user manually annotated one or more positive point prompts
on each cell of interest. These 2D point prompts were passed to the Sam3TrackerVideoProcessor, which
initialized a video session and computed binary segmentation masks on the first frame for each labeled
object. Masks were post-processed to the original image size and overlaid on the first frame to visually
verify the correctness of the segmentation before tracking.

The validated prompts and object IDs were then used to initialize a full-video SAMS3 tracking session. The
model was run across all frames using the propagate_in_video_iterator interface, yielding a binary mask
for each object and frame. For every frame and object, the droplet centroid was calculated as the mean
of the mask pixel coordinates and stored as a trajectory point. To handle temporary tracking failures,
trajectories were split into segments whenever gaps larger than one frame occurred. For visualization,
colored masks, contours, cell labels, and polylines representing cumulative trajectories were rendered
frame-by-frame on the original video using OpenCV, and the result was exported as an annotated MP4.
Finally, all trajectories were exported to a CSV file using pandas. For each cell and trajectory segment,
the CSV contained the object ID, segment ID, frame index, time in seconds (frame index divided by fps),
and the centroid coordinates (x, y in pixels).

2.6. Computational fluid dynamics simulations

To characterize the hydrodynamic environment and quantify the mechanical stimuli acting on the
bioprinted models, a computational fluid dynamics (CFD) simulation was performed using COMSOL
Multiphysics software. The bioreactor geometry was modeled as a cylinder with a 30 mm radius,
containing a fluid phase (density 1000 kg/m?; dynamic viscosity 102 Pa-s). A rotating machinery
physics interface with a moving mesh was implemented to simulate the specific operational rotational
speeds. Slip wall boundary condition is used to model the effective non-ideal wall conditions that exist in
the slip-flow regime. A time-dependent study was conducted with a total duration of 100 s and a time
step of 1 s. The local shear stress was calculated using the product of dynamic viscosity and shear rate.
Shear-stress profiles were extracted along the radial distance from the center of rotation to provide a
quantitative map of the mechanical forces experienced by the bioprinted models.

2.7. AFM nanoindentation analysis

Nanoscale mechanical properties and matrix stiffening were characterized using a NanoWizard Il AFM
(JPK Instruments, Berlin, Germany). The system was equipped with high-resolution silicon probes
(HQ:CSC37/No Al, MikroMasch) featuring a nominal spring constant of 0.3 N/m, a tip radius of 8 nm, and
a 40° cone angle. This sharp geometry was selected to probe the nanocomposite at the nanoscale,
enabling the detection of mechanical variations with high spatial resolution also in soft materials [42,
43]. Prior to each session, the cantilever spring constant was precisely determined via thermal
calibration in distilled water. Indentation experiments were performed by approaching the sample
surface at 10 pm/s, with a maximum force limit of 5.5 nN and an indentation depth of 5 uym. These
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parameters were selected based on a previous optimization study performed on alginate and
Alg/Cel/RGD hydrogels to reliably capture their viscoelastic response [41].

To maintain physiological-like conditions and prevent dehydration, all measurements were conducted in

distilled water within a controlled environment. For both the experimental conditions (bioprinted droplets

in static culture vs. clinostat culture), a total of 64 force-distance curves were acquired over a 10x10 pm?

grid. A total of three maps were collected at randomly selected positions on each droplet, and three
independently bioprinted and cultured droplets were analyzed per condition. The apparent Young's
modulus was calculated using JPK Data Processing software (version 6.1) by fitting the approach curve
with the Hertz-Sneddon model for a conical indenter [44, 45]. In accordance with established literature
for alginate-based hydrogels and soft biomaterials, a Poisson’s ratio of 0.33 was assumed [41]. This
assumption is consistent with previous reports on alginate-based hydrogels, which typically exhibit
Poisson's ratios in the range of 0.2-0.4 [46-49].

2.8. Rheological characterization

The bulk viscoelastic properties of the bioprinted droplets were evaluated using a Haake MARS 60
controlled-stress rheometer (Thermo Fisher Scientific, Karlsruhe, Germany) equipped with 8 mm and 25
mm diameter parallel plate-plate configurations. Prior to each measurement, the samples were
equilibrated at 25°C to ensure thermal stability. To identify the linear viscoelastic region (LVR), amplitude
sweep tests were initially performed at a constant oscillation frequency of 1 Hz, with the strain
ranging from 0.001 to 10. Frequency sweep tests were conducted within a range of 0.01 to 10 Hz under
oscillatory mode at a constant strain determined from the LVR results (v = 0.02 for both alginate and
Alg/Cel/RGD) to ensure non-destructive testing conditions. The storage modulus G’ and loss modulus
G'' were recorded as a function of frequency to quantify the macroscopic stiffness and the structural
integrity of the nanocellulose-reinforced network.

2.9. Cell viability and cytotoxicity

The viability of encapsulated Jurkat cells was monitored over 10 days at specific time points (days 0, 1,
5, and 10) using a Live/Dead fluorescence assay. Briefly, Calcein-AM (Invitrogen, Carlsbad, CA, USA) and
propidium iodide (PI) (Sigma-Aldrich) were subsequently added to the culture medium at a final
concentration of 1 yM and 5 uM to label live and dead cells, respectively. Following 25 minutes (calcein)
and 7 min (PI) of incubation at 37°C, fluorescence images and intensities were acquired using a
Cytation™ 3 Cell Imaging Multi-Mode Reader (BioTek Instruments, Winooski, VT, USA). To evaluate
potential matrix-induced toxicity, lactate dehydrogenase (LDH) production was measured in the culture
supernatants using a commercial LDH assay kit (Roche, Basel, Switzerland). Supernatants were
collected and diluted before incubation with the reaction substrate. After 30 minutes, absorbance was
recorded at 490 nm and 680 nm using the Cytation™ 3 reader.

2.10. Proliferation and metabolic activity assays
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To evaluate the expansion efficiency within the 3D-bioprinted droplets, we evaluated intracellular ATP
production, protein release, and DNA synthesis. Specifically, cell viability and metabolic activity were
assessed using the CellTiter-Glo 3D Luminescent Assay (Promega, Madison, WI, USA). At days 1, 4, 7,
and 10, the droplets were rinsed with PBS and incubated with CellTiter-Glo 3D reagent and culture
medium in the ratio 1:1. The models were agitated for 5 minutes to ensure complete cell lysis and then
incubated for 25 min at room temperature in the dark to stabilize the signal. Luminescence was recorded
using the Cytation 3 reader.

Total protein concentration was quantified using the Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Prior to the assay samples were centrifuged to discard potential
debris from supernatants. Then 10 pL of each sample supernatants was placed into a 96-multiwell plate,
followed by adding 200 pL of BCA Protein Assay reagent. The multiwell was incubated at 37°C for 30
min and then mixed on a plate shaker. The absorbance of each sample, blank, and standard was
measured with the Cytation 3 reader at 560 nm.

Active cellular proliferation was confirmed by labeling newly synthesized DNA with 5-Ethynyl-2-
deoxyuridine (EdU) using Click-iT™ EdU Cell Proliferation Kit (Thermo Fisher Scientific, Waltham, MA,
USA). A volume of 10 pM EdU was incorporated into the culture medium to identify the population of
cells undergoing active division during the expansion period. Following a 24 h incubation period, EAU
incorporation was quantified. This was performed by introducing the Amplex UltraRed reagent to obtain
a highly fluorescent product at room temperature for 15 min. Fluorescence intensity was recorded at
excitation/emission wavelengths of 560/590 nm using Cytation 3 reader.

2.11. Jurkat/U87 transwell co-culture assay

To assess whether Jurkat cells expanded within 3D-bioprinted droplets could be used in a simplified
immune-tumor interaction model, a proof-of-concept transwell co-culture assay was established with
U87 glioblastoma cells. U87 cells were seeded in 24-well plates at a density of 5x10* cells per well.
Jurkat-laden 3D-bioprinted droplets, previously cultured for 10 days under either static or clinostat
conditions, were then transferred into transwell inserts with an 8 um pore-size membrane (Corning Inc.).
The inserts were positioned above the U87 monolayer to allow soluble-factor exchange and Jurkat cell
release and transmigration through the membrane toward the lower compartment. As an additional
control, non-encapsulated Jurkat cells were added to separate transwell inserts.

The co-culture was monitored over 48 h to evaluate the response of the U87 glioblastoma cells to the
different Jurkat conditioning. U87 viability and cell death were assessed by calcein/PI staining,
respectively, as described in Section 2.9. To identify U87 cell death, apoptosis/necrosis was evaluated by
Annexin V/PI staining with Vybrant Apoptosis Assay Kit. Briefly, U87 glioblastoma cells were rinsed and
incubated with 100 pL 1x annexin-binding buffer. Next, 5 yL of biotin-X annexin V was added and
incubated for 15 min at room temperature. Samples were washed and stained with 1 pL of T mg/mL
Alexa Fluor 350 streptavidin solution, followed by a 30-minute incubation. After rinsing, 1 pL of T mg/mL
Pl was added and incubated for 6 min at room temperature. Fluorescence intensity was recorded at
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excitation/emission wavelengths of 365/440 nm (Alexa Fluor 350) and 535/617 nm (PI), using Cytation
3 reader.

Oxidative stress responses were investigated by measuring intracellular reactive oxygen species (ROS)
(CellROX, Life Technologies, Carlsbad, CA, USA) and extracellular ROS (ROS-ID, Enzo Life Sciences,
Farmingdale, NY, USA) levels in U87 cell culture and cell supernatants, respectively. Intracellular and
extracellular ROS were evaluated at 0, 24, 48 h. For intracellular ROS evaluation, cells were stained with
CellROX Reagent at 5 pM concentration and incubated with cells for 30 minutes at 37°C. Cells were then
rinsed with PBS and fluorescence intensity was recorded at excitation/emission wavelengths of 485/520
nm using Cytation 3 reader. For extracellular ROS evaluation, Oxidative Stress Detection Reagent was
gently mixed with cell supernatants to obtain a 1:2500 diluted staining solution. Fluorescence intensity
was recorded at excitation/emission wavelengths of 490/525 nm using Cytation 3 reader.

2.12 Multiplex cytokine profiling

Cytokine levels TNF-q, IFN-y, IL-1, IL-6, IL-8/CXCL8, and IL-10 were quantified in culture supernatants
collected during the Jurkat/U87 transwell co-culture assay using a Luminex bead-based multiplex
immunoassay. Supernatants were collected at 0, 24, and 48 h from both the lower and upper transwell
compartments. The lower chamber contained the U87 monolayer and Jurkat cells released from the
droplets and migrated through the 8 ym membrane, whereas the upper chamber contained the Jurkat-
laden 3D-bioprinted droplet. Immediately after collection, supernatants were centrifuged at 16,000 g for
4 min to remove cells and debris. Standard curve dilutions and samples were then added to a 96-well
assay plate at a volume of 50 pL per well. Subsequently, 50 pL of Microparticle Cocktail was added to
each well, and the plate was incubated overnight at 4°C under agitation at 800 rpm. For each washing
step, the plate was placed on a magnetic separator for 2 min to allow magnetic bead immobilization,
after which the supernatant was carefully removed. Wells were washed three times with 100 pL of wash
buffer.

After the overnight incubation and washing steps, 50 pL of Biotin-Antibody Cocktail was added to each
well and incubated for 1 h at room temperature under agitation at 800 rpm. The plate was then washed
three times as described above. Subsequently, 50 pL of Streptavidin-PE solution was added to each well
and incubated for 30 min at room temperature under agitation at 800 rpm. After three additional washes,
the magnetic beads were resuspended in 100 pL of wash buffer and incubated for 2 min at room
temperature under agitation at 800 rpm. The plate was read immediately using a Bio-Plex 200 system.
Cytokine concentrations were calculated from the corresponding standard curves and expressed as
concentration values for each analyte.

2.13. Statistical analysis

All experimental data were obtained from at least three independent replicates, and results are
expressed as mean value + standard deviation (SD). Statistical significance was evaluated using one-way
or two-way analysis of variance (ANOVA), followed by Tukey’s post-hoc tests for multiple comparisons,
depending on the experimental design and the number of variables (e.g., comparing different time
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points, hydrogel compositions, or culture conditions). For the comparison between two specific groups
at a single time point, a two-tailed Student'’s t-test was used. The thresholds for statistical significance
were defined as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. All statistical computations
and data visualization were realized on GraphPad Prism (version 10.4.0). Differences with a p-value >
0.05 were considered not statistically significant (ns).

3. Results and discussion

3.1. Clinorotation establishes a stable low-shear
hydrodynamic regime

Clinostat technology imposes a hydrodynamic condition that differs fundamentally from a conventional
stirred or perfused bioreactor. In this system, the culture chambers are continuously rotated to average
the gravity vector over time and maintain 3D droplets in a suspension-based low-shear state (Fig. 1a,b).
Therefore, the bioprinted droplets act as freely moving bodies whose trajectories result from the balance
between gravity force, buoyancy, hydrodynamic drag, lift, and centripetal components generated by local
velocity and pressure gradients (Fig. 1c).

To identify the operating regime as a function of the angular velocity, videos of droplet motion were
analyzed using a SAM3-based tracking pipeline, which enabled segmentation of the droplet contour and
reconstruction of its trajectory at increasing rotational speeds (Fig. 1d). At 15 rpm, droplets exhibited
negligible displacement and remained confined to small trajectories, indicating limited averaging of the
gravity vector. Increasing the rotational speed to 25-35 rpm generated stable, reproducible orbital
trajectories with progressively larger radii 8—13 mm. This intermediate regime is consistent with
controlled clinorotation, in which the droplets remain suspended and cyclically advected by the
surrounding medium without evident wall collisions. At 45 rpm, the orbital radius increased to 20 mm
and the droplets approached the chamber periphery, reducing wall clearance and increasing the
probability of intermittent wall contact. Above this range, droplet motion became irregular and was
associated with collisions between droplets and against the chamber wall, leading to visible matrix
damage and fragmentation. These unstable and collisional conditions were therefore excluded from
subsequent experiments.

CFD simulations were used to map the hydrodynamic environment of the rotating chamber in the
absence of the constructs (Fig. 1e,f). The simulated field therefore describes the chamber-frame fluid
stress and corresponds to the shear stress that a droplet would experience only in the limiting case in
which it remained stationary relative to the surrounding medium. This condition is approached at low
rotational speeds, where trajectory analysis showed negligible droplet displacement (15 rpm), and the
simulated values would represent an overestimate of the stress acting on the droplets. At the operating
speed of 25 rpm, the droplets followed stable orbital trajectories and largely co-rotated with the medium,
so that the effective hydrodynamic stress is governed by the residual droplet-medium slip and is
expected to be substantially lower than the simulated values.
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3.2. Clinorotation-associated stiffening of nanocellulose-
alginate droplets

The identification of a stable low-shear orbital regime raised the question of whether prolonged
clinorotation could modify the mechanical state of the printed hydrogels. This aspect is critical for the
present platform, since the clinostat condition simultaneously alters droplet suspension, fluid
redistribution, and medium exchange. Therefore, the mechanical response was evaluated at both the
local and bulk scales, and compared between the nanocellulose-reinforced alginate and alginate
hydrogels. At the macroscopic level, Alg/Cel/RGD droplets recovered after clinostat culture appeared
more compact and more opaque than static controls (Fig. 2a). This suggests that clinorotation may
promote post-printing matrix maturation, possibly through a combination of fluid redistribution,
continued ionic equilibration, and reorganization of the fibrillar nanocellulose-containing network.

AFM nanoindentation was first used to assess whether clinostat culture altered the local mechanical
response of Alg/Cel/RGD droplets and whether the resulting stiffness approached that of native
lymphoid tissue in murine model. Force-indentation curves showed a larger loading response in
clinostat-cultured droplets compared with static samples, indicating increased resistance to local
deformation (Fig. 2b). Quantification of the apparent Young’'s modulus confirmed this trend, with
clinostat-cultured droplets displaying an approximately 5-fold increase in local stiffness relative to static
controls (Fig. 2c). Importantly, native murine axillary lymph nodes were included as a biological
mechanical reference. The stiffness values measured in clinostat-cultured Alg/Cel/RGD droplets shifted
toward the range observed in axillary lymph nodes, suggesting that clinostat conditioning brings the
printed hydrogel closer to a lymphoid-tissue-like mechanical regime.

Bulk rheology was then performed to determine whether the local stiffening detected by AFM was
reflected in the macroscopic viscoelastic behavior of the hydrogels and whether this response depended
on the presence of nanocellulose. Native murine axillary lymph nodes were included as a bulk tissue
reference to contextualize the viscoelastic range of the printed matrices under physiologically relevant
conditions. In Alg/Cel/RGD hydrogels, oscillatory amplitude sweeps revealed higher storage modulus
values after clinostat culture together with a stronger elastic response within the low-strain region before
strain-induced yielding (Fig. 3a). Frequency sweeps confirmed this trend, with clinostat cultured
Alg/Cel/RGD samples maintaining higher storage modulus values over the tested frequency range

(Fig. 3b). Notably, the bulk viscoelastic response of clinostat-cultured Alg/Cel/RGD droplets shifted
toward the range measured in native murine axillary lymph nodes, suggesting that dynamic conditioning
promotes a more lymphoid-tissue-like mechanical behavior at the macroscopic scale (Fig. 3i-l). The
corresponding loss modulus measurements showed that the dissipative component also changed with
culture time and condition (Fig. 3¢,d), but the storage modulus remained dominant over most of the
tested range, supporting the persistence of a solid-like hydrogel network.

In contrast, alginate droplets exhibited opposite behavior. Specifically, in both amplitude and frequency
sweeps, the most pronounced mechanical reinforcement was observed under static culture, whereas
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clinostat cultured alginate hydrogels showed only minor changes in storage modulus over time
indicating that dynamic low-shear culture is not sufficient to induce marked stiffening in the absence of
nanocellulose fibers (Fig. 3e,f). This suggests that alginate droplets mainly undergo time-dependent
static maturation, likely related to ongoing ionic equilibration and network relaxation. Interestingly, the
concomitant increase in G’ suggests that static alginate maturation involved enhanced viscous
dissipation within the ionically crosslinked network (Fig. 3g,h).

3.3. Clinostat culture enhances Jurkat T-cell viability,
proliferation, and metabolism

The formulation-dependent stiffening observed in Alg/Cel/RGD droplets prompted us to investigate
whether clinostat culture and concurrent mechanical changes were associated with improved Jurkat cell
maintenance and growth within the 3D-bioprinted droplet. Static and clinostat cultured droplets were
therefore compared using complementary assays of cell viability, membrane damage, DNA synthesis,
intracellular ATP content, and total protein accumulation. These assays report distinct cellular
properties, namely esterase activity and membrane integrity (calcein/Pl), membrane damage (LDH), the
fraction of cells in S phase during a short labelling pulse (EdU), intracellular ATP content, and total
protein accumulation. None of them provides an absolute measurement of cell number, and the
corresponding fold changes are used here as concordant, qualitative indicators of the relative culture
performance of the two conditions. We emphasize that matrix stiffening is not proposed here as the
causal driver of the improved Jurkat expansion. Clinorotation concurrently modifies matrix mechanics,
oxygen and nutrient transport, metabolite clearance, sedimentation, and fluid-matrix interaction, and the
present design cannot separate these contributions.

Representative Live/Dead imaging showed distinct differences between the two culture conditions

(Fig. 4a). Static droplets contained viable Jurkat cells but also exhibited a more pronounced Pl-positive
signal, consistent with the accumulation of dead or membrane-compromised cells within the confined
3D matrix. In contrast, clinostat cultured droplets showed a stronger calcein-positive signal and a lower
relative Pl signal, suggesting improved preservation of cell viability during culture. Calcein fluorescence
increased over time in both conditions, indicating that the bioprinted cell-laden Alg/Cel/RGD matrix was
permissive to Jurkat cell maintenance and growth (Fig. 4b). However, clinostat cultured droplets showed
1.4 times higher calcein signal at day 10 compared to static control. Pl fluorescence also increased
during culture, as expected in a high-density 3D system where cell accumulation and local crowding can
lead to progressive cell death. However, this increase was much more pronounced under static culture
than under clinostat condition (Fig. 4c).

LDH release provided an additional measure of compromised cell membrane. Static droplets showed a
progressive increase in LDH signal over time, whereas clinostat cultured droplets maintained lower LDH
levels throughout the culture period (Fig. 4d). This reduction in LDH release is consistent with the low-
shear suspension regime improving the local culture environment, likely by reducing nutrient and oxygen
depletion zones and facilitating removal of metabolic waste. Proliferative activity, assessed by EdU
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incorporation, further supported this interpretation. Although both conditions supported DNA synthesis,
clinostat cultured droplets exhibited higher EdU signal with a 1.6-fold enhancement at day 10 (Fig. 4e).
The strongest difference between static and clinostat culture was observed in the ATP and total protein
levels. CellTiter-Glo 3D assay showed a marked 5-fold increase in intracellular ATP level in clinostat
cultured droplets at day 10 (Fig. 4f). Since intracellular ATP reflects both the number of viable cells and
their metabolic state, this value cannot be converted into a cell number and is reported here as a
combined indicator of viable, metabolically active cell content. Consistently, BCA analysis revealed
greater total protein accumulation up to 2.3-fold in the clinostat group compared with static controls
(Fig. 4g), further supporting increased biomass formation within the dynamically cultured droplets.

3.4. Culture and delivery conditions of Jurkat-laden droplets differentially affect U87 responses in a
transwell co-culture model

To determine whether the preceding culture and delivery conditions influenced the response of a
heterotypic tumor-cell culture, Jurkat-laden droplets were co-cultured with U87 glioblastoma cells in a
transwell model. The comparison was performed between delivery formats as a whole, that is, between
the entire constructs as they are generated by each culture protocol, and the groups were deliberately
not normalized to an equal number of viable Jurkat cells. This design reflects the intended use of the
platform, in which the construct rather than the isolated cell is the functional unit, but it also implies that
the resulting differences integrate cell abundance, metabolic state, migration, and secreted factors,
which the present experiment cannot separate.

U87 cells were seeded in the lower chamber, whereas Jurkat cells were introduced into the upper
compartment in three different formats: as free suspension cells, within droplets previously maintained
under static culture for 10 days, or within droplets previously expanded under clinorotation for 10 days
(Fig. 5a). The 8 um porous membrane allowed soluble-factor exchange and potential Jurkat migration
toward the U87 monolayer, thereby enabling comparison of the effects associated with the different
Jurkat culture and delivery conditions. Live/Dead fluorescence imaging revealed distinct changes in the
U87 compartment over the 48-hour co-culture period (Fig. 5b). In control cultures, calcein fluorescence
progressively increased, consistently with continued U87 growth. Free Jurkat cells and Jurkat-laden
droplets maintained under static conditions attenuated this increase but did not produce a clear net
reduction in the calcein-positive U87 area. In contrast, droplets previously cultured under clinorotation
produced a marked suppression of U87 growth, with an approximately 60% reduction in the calcein-
positive signal after 48 hours (Fig. 5¢,e). This response was accompanied by an approximately 8-fold
increase in PI fluorescence (Fig. 5d), indicating a substantial increase in membrane-compromised and
dead cells within the lower compartment. Thus, the reduced calcein-positive area observed in the
clinostat condition (Fig. 5b) was associated not only with limited U87 expansion but also with increased
cell damage and death.

Apoptosis-associated staining further supported this response. Although an increase was observed in all
co-culture conditions, the apoptosis-associated fluorescence signal was approximately 2.6-fold higher in
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U87 cultures exposed to clinostat-expanded droplets than in those exposed to free Jurkat cells and
static droplets (Fig. 5f). These results indicate that the stronger suppression of U87 growth in the
clinostat condition was accompanied by a more pronounced cell death-associated response. Oxidative
stress-related measurements showed a similar condition-dependent pattern. Intracellular ROS levels
progressively decreased in U87 control cultures, whereas free Jurkat cells and static Jurkat-laden
droplets induced only moderate or transient changes. In contrast, exposure to clinostat-expanded
droplets resulted in a progressive increase in intracellular ROS over 48 hours (Fig. 5g). Extracellular ROS
also increased, reaching approximately 2.2-fold relative to the initial value in the clinostat condition
(Fig. 5h). These measurements demonstrate the establishment of a stronger oxidative environment
during co-culture with clinostat-expanded droplets. However, extracellular ROS may originate from
stressed or dying U87 cells, migrated Jurkat cells, or reciprocal interactions between the two cell
populations. The ROS measurements should therefore be regarded as integrated indicators of oxidative
stress within the co-culture system rather than as evidence of a specific cellular mechanism.

The greater effect produced by clinostat-cultured droplets is likely influenced, at least in part, by the
higher viable Jurkat biomass generated during the preceding 10-day dynamic culture. As shown in Fig. 4,
clinorotation was associated with higher Jurkat viability, EAU incorporation, intracellular ATP, and total
protein accumulation. Consequently, a larger number of viable and metabolically active Jurkat cells may
have been available for release, migration, and soluble-factor production during the subsequent
interaction with U87 cells. Because the groups were not normalized to the same number of viable Jurkat
cells at the beginning of the co-culture and the number of cells migrating through the transwell
membrane was not independently quantified, the relative contributions of cell abundance, migration,
metabolic state, and secreted factors cannot be separated in the present experimental design. Multiplex
cytokine profiling was subsequently performed to characterize the soluble environment associated with
the different culture conditions (Fig. 6). Control Jurkat and U87 cultures displayed distinct basal cytokine
profiles in the upper and lower compartments, respectively (Fig. 6a,b). U87 controls showed a profile
dominated by IL-8/CXCLS, IL-6, and TNF-a. This pattern is consistent with the inflammatory and pro-
angiogenic secretory phenotype described for glioblastoma cells. In particular, IL-8/CXCL8 has been
associated with neutrophil recruitment, angiogenesis, and glioblastoma progression [50, 51], whereas IL-
6 and TNF-a are involved in inflammatory signaling pathways that can support tumor survival, invasion,
immune escape, and treatment resistance [52-54].

In the upper compartment, Jurkat-laden droplets produced a distinct cytokine profile characterized by a
prominent IL-10 signal, which was more pronounced after clinostat culture (Fig. 6¢c,e). IL-10 is a context-
dependent immunoregulatory cytokine whose biological effects vary according to the producing cell
population and the surrounding cytokine environment [55]. Therefore, its increase identifies a
modification of the soluble profile associated with dynamic culture but cannot, in the absence of direct
phenotypic and functional measurements, be considered evidence of Jurkat activation or enhanced
cytotoxic competence. In the lower compartment, increased IL-6 and TNF-a levels were detected during
Jurkat/U87 co-culture, with the highest concentrations observed following exposure to clinostat-
expanded droplets (Fig. 6d,f). IFN-y remained comparatively low, although a moderate increase was
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observed in the clinostat condition. Since cytokines collected from the lower chamber may originate
from U87 cells, migrated Jurkat cells, or both populations, their cellular source cannot be assigned from
the present measurements. Similarly, although IL-10 has been reported to modulate IFN-y-associated
responses in other experimental systems [56, 57], the present data do not establish a direct causal
relationship between these cytokines. Therefore, the multiplex cytokine analysis demonstrates that the
Jurkat expansion and delivery conditions were associated with distinct changes in the soluble
inflammatory environment of the co-culture.

These results show that Jurkat-laden droplets previously expanded under clinorotation produced a
stronger effect on the U87 co-culture than static droplets or free Jurkat controls. This effect was
characterized by reduced U87 growth, increased membrane damage and apoptosis-associated signals,
enhanced oxidative stress, and a modified cytokine profile. The response is likely influenced by the
greater viable Jurkat biomass generated during dynamic culture and should not be interpreted as
evidence of antigen-specific recognition or cytotoxic cell activity, since Jurkat cells are an immortalized
leukemia-derived cell line and were not specifically directed against U87 cells. Nevertheless, the
experiment provides a functional proof of concept showing that Jurkat cells expanded within
dynamically conditioned droplets remain capable of substantially modifying the behavior and soluble
environment of a heterotypic tumor-cell co-culture.

4. Conclusions

In this study, we developed a lymph node-inspired 3D-bioprinted platform based on a nanocellulose-
reinforced alginate bioink and demonstrated that clinorotation can act as a flow-mediated post-printing
conditioning strategy. Trajectory tracking and computational fluid dynamics identified a stable low-shear
hydrodynamic regime in which the droplets remained suspended and followed reproducible orbital
trajectories. Exposure to this dynamic environment induced pronounced mechanical maturation of the
nanocellulose-alginate droplets, as demonstrated by the marked increase in apparent Young's modulus
measured by AFM nanoindentation and by the enhancement of the elastic response observed through
bulk rheology.

The mechanical response was strongly dependent on hydrogel composition. Whereas nanocellulose-
reinforced droplets underwent substantial stiffening during dynamic culture, alginate-only hydrogels
exhibited predominantly time-dependent maturation under static conditions and showed limited
reinforcement under clinorotation. This differential behavior identifies the nanocellulose fibrillar network
as a critical determinant of the hydrogel response to hydrodynamic conditioning and supports the
concept that selected nanocomposite bioinks remain mechanically evolvable after printing.

Flow-mediated conditioning was accompanied by improved performance of the Jurkat-laden droplets,
including higher cell viability, reduced LDH release, enhanced proliferation, and increased intracellular
ATP and total protein accumulation compared with static culture. These findings indicate that dynamic
culture generated a more permissive environment for the growth of encapsulated Jurkat T cells within
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the 3D-bioprinted matrix. Nevertheless, the present experimental design does not permit the biological
contribution of matrix stiffening to be separated from the concurrent effects of enhanced nutrient and
oxygen transport, reduced sedimentation, improved waste removal, and altered fluid-matrix interactions.
The observed cellular response should therefore be interpreted as the integrated outcome of mechanical
matrix maturation and dynamic mass transport rather than as the isolated consequence of shear stress
or stiffness.

As proof of concept, dynamically conditioned Jurkat-laden droplets were subsequently interfaced with
U87 glioblastoma cells in a transwell co-culture model. Droplets previously maintained under
clinorotation produced a greater reduction in U87 viability and were associated with increased
apoptosis-related and oxidative stress signals compared with static droplets and free-cell controls. This
effect is likely influenced by the greater viable Jurkat biomass generated during dynamic expansion and
cannot be considered evidence of antigen-specific antitumor activity. Moreover, Jurkat cells are an
immortalized leukemia-derived T-cell line and do not recapitulate the phenotypic heterogeneity, activation
state, receptor specificity, or functional competence of primary human lymphocytes. The Jurkat/U87
system should therefore be regarded as a simplified interaction model rather than as a therapeutic
validation.

Future studies should determine whether the mechanical and biological effects observed here extend to
primary human T cells and PBMCs, which differ in activation requirements, mechanosensitivity, and
metabolic profile, and whose validation is a necessary step before any translational claim can be made.
Experimental designs that independently modulate matrix stiffness, hydrodynamic loading, and mass
transport will also be required to resolve their respective contributions. Further development of the
platform should incorporate more representative lymphoid components, controlled biochemical
stimulation, and direct assessment of immune-cell phenotype, cytokine production, migration, and
cytotoxic function.
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Figure 1

Hydrodynamic characterization of droplet motion under clinorotation. (a) Photograph of the ClinoStar
clinostat bioreactor containing the rotating culture chambers. (b) Representative ClinoStar culture
chamber used for clinostat culture of the bioprinted droplets. Scale bar: 30 mm. (c) Schematic
representation of droplet motion during clinorotation. Vectors qualitatively represent the main force
components governing droplet motion: gravity/buoyancy force , centripetal force associated
with pressure gradient , drag force , and lift associated with velocity gradient . (d) SAM3-derived
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trajectories of representative droplets at 15, 25, 35, and 45 rpm. Scale bar: 20 mm. (e) CFD-derived
peripheral chamber-frame shear-stress intensity as a function of rotational speed. (f) CFD-derived radial
distribution of chamber-frame shear-stress intensity at increasing rotational speeds.
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Figure 2

Local mechanical characterization of clinostat-conditioned Alg/Cel/RGD droplets and native murine
axillary lymph nodes. (a) Representative photographs of 3D-bioprinted Alg/Cel/RGD droplets after 10
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days of culture under static or clinostat conditions, together with representative murine axillary lymph
node samples used as native tissue references. Scale bars: 2 mm. (b) Representative AFM force-
indentation curves showing the higher local resistance to deformation of clinostat-cultured Alg/Cel/RGD
droplets compared with static controls. (c) Apparent Young's modulus measured by AFM
nanoindentation in static and clinostat-cultured Alg/Cel/RGD droplets and in native murine axillary lymph

nodes.
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Figure 3

Bulk rheological characterization of (a-d) Alg/Cel/RGD and (e-h) alginate hydrogels cultured under static
or clinostat conditions for 5 and 10 days, and of (i-I) native murine axillary lymph nodes. Oscillatory
amplitude sweeps show the storage modulus (a,e,i) and loss modulus (c,g,k) as a function
of strain amplitude, while oscillatory frequency sweeps show (b,fj) and (d,h,l) as a function of
frequency.
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Figure 4

Clinostat culture supports Jurkat cell viability and metabolic activity within 3D-bioprinted droplets. (a)
Representative Live/Dead fluorescence images of Jurkat-laden Alg/Cel/RGDdroplets cultured under
static or clinostat conditions. Live cells are stained with calcein-AM (green), whereas dead or membrane-
compromised cells are stained with PI (red). Scale bars: 2.5 mm. Evaluation of (b) calcein and (c) PI
fluorescence intensity normalized to day 0. (d) LDH release, (e) EdU fluorescence intensity, (f)
intracellular ATP level, and (g) total protein content (BCA assay). Normalized data are relative to day 0.
Data are shown as mean values * SD of n = 3 independent samples. All measurements were performed
atdays 0, 1, 4, 7 and 10. Symbols belonging to different conditions are slightly offset along the horizontal
time axis for clarity, in order to avoid overlap of error bars. The legend shown in panel (b) applies to all
panels.
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Figure 5

Jurkat-laden droplets previously cultured under clinorotation are associated with reduced U87 viability
and increased apoptosis- and oxidative stress-associated signals in a transwell co-culture model. (a,b)
Representative calcein fluorescence images of U87 glioblastoma cells during 48 hours of co-culture with
Jurkat cells delivered in different formats as schematically shown in panel (a): Free Jurkat cells, static
Jurkat-laden droplets, or clinostat-expanded Jurkat-laden droplets were transferred in the upper chamber
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after 10 days of culture, while U87 cells were seeded in the lower chamber at a cell density of 5x10% cells
per well. The 8 um porous membrane allowed soluble-factor exchange and potential Jurkat migration
toward the U87 monolayer. Scale bar: 5 mm. Integrated (c) calcein and (d) PI fluorescence intensity
normalized to day 0. (e) U87 glioblastoma growth expressed as percentage of surface area occupied by
calcein-positive U87 cells and normalized to the corresponding day 0 area. Data are presented as mean
value * SD of three independent experiments. (f) Quantification of apoptosis-associated fluorescence
signal during 48 hours of co-culture. (g) Intracellular ROS levels in U87 cells measured using the CellROX
assay. (h) Extracellular ROS levels measured in culture supernatants during the Jurkat/U87 interaction
assay. Data are presented as mean + SD of n = 3 independent experiments. All measurements were
performed at 0, 24 and 48 hours. Symbols belonging to different conditions are slightly offset along the
horizontal time axis for clarity, in order to avoid overlap of error bars. The legend shown in panel (c)
applies to all panels.
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Figure 6

Multiplex cytokine profiling during the Jurkat/U87 interaction assay. Cytokine levels were measured over
48 hours using a Luminex bead-based multiplex immunoassay. Radar plots show the cytokine profiles of
TNF-q, IFN-y, IL-1B/IL1F2, IL-6, IL-8/CXCLS8, and IL-10 in the different experimental conditions. Control
profiles were obtained from (a) Jurkat and (b) U87 cells cultured without cross-contamination in the
upper and lower transwell compartment, respectively. Cytokine levels were measured in supernatants
collected from both (c,e) upper and (d,f) lower transwell compartment for static and clinostat droplets.
Cytokine ranges are reported in panel (a). Data are reported as mean cytokine concentrations of n = 3
independent samples.
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