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1 Introduction

In the past decades, hydrogel-based microencapsulation has

Microfluidic device for islet conformal coating
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Microencapsulation of therapeutic cell clusters within immunoprotective hydrogels is a key strategy in
endocrine, hepatic, neural, and musculoskeletal regenerative medicine. Conformal hydrogel coating (CC)
of pancreatic islets represents a promising approach for B cell replacement in type 1 diabetes (T1D),
offering immunoprotection to prevent rejection. However, current CC techniques are limited by poor
scalability, complex workflows, and high reagent use. Here, we present a flow-focusing soft lithographic
microfluidic platform that enables thin polyethylene glycol (PEG)-based CC around insulin-secreting cell
clusters in a tunable and scalable manner. The device employs three immiscible phases—an aqueous PEG
precursor, an oil sheath, and an external cross-linking emulsion—configured to achieve 10-20 um coating
thicknesses. Both murine insulinoma pseudoislets and primary human islets were encapsulated and
assessed for coating dimensions, viability, and glucose-stimulated insulin secretion (GSIS). The platform
reliably generated CC with thickness independent of cluster size. Fluorescent labeling of PEG coatings and
confocal imaging confirmed complete and uniform coverage. Encapsulated clusters retained high viability
and GSIS functionality. The system achieved a >10-100-fold reduction in graft volume relative to
conventional microencapsulation, potentially expanding implantation site options. The process maintains
physiological pH throughout encapsulation, a condition known to support cell health and reduce stress-
induced damage. In addition, the streamlined workflow reduces processing time and simplifies operation
compared to previous CC approaches. Overall, this work introduces a robust, low-footprint, and adaptable
microfluidic strategy for conformal coating of cell clusters, offering a scalable platform for immunoisolated
therapeutic cell transplantation in T1D and broader regenerative medicine applications.

and regenerative medicine,’” including the treatment of a
wide range of diseases and injuries such as neurodegenerative
disorders, diabetes, cardiovascular and liver diseases,

emerged as a versatile technology for therapeutic cell delivery
with applications across drug delivery, tissues engineering
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musculoskeletal defects, osteoarthritis, and wound healing.
Hydrogels are ideal materials for cell-based therapies to
protect cells or bioactive agents within a soft, biocompatible,
and highly hydrated matrix. A wide variety of natural and
protein-derived  polymers—such as alginate, agarose,
hyaluronic acid, collagen, and gelatin—have been used to
form hydrogel capsules around therapeutic cell clusters
through techniques that include emulsification, bioprinting,
and microfluidics.*®

Within this broader context, islet cell encapsulation has
risen as a promising strategy to advance B cell replacement
therapies for type 1 diabetes (T1D). T1D is a chronic
autoimmune disease characterized by the destruction of
insulin-producing P cells in the pancreas.*” While exogenous
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insulin administration is the standard therapy, it fails to fully
mimic the dynamic insulin secretion of native islets, often
resulting in suboptimal glycemic control and long-term
complications.® Allogeneic islet transplantation offers a
promising curative approach by restoring endogenous insulin
secretion, improving metabolic control, and enhancing
patient quality of life.”'® However, besides the scarce
availability of donors, its clinical implementation is limited
by the need for lifelong systemic immunosuppression, which
poses significant risks such as nephrotoxicity, opportunistic
infections, and increased malignancy rates.*™**

To circumvent this limitation, immunoisolation strategies
such as islet encapsulation have been extensively explored.™
These approaches aim to create a selectively permeable
barrier around transplanted cells that permits the
bidirectional diffusion of glucose, insulin, oxygen, nutrients,
and waste products, while blocking system
components.'®  Conventional encapsulation — methods,
including macro- and micro-encapsulation, generally using
alginate or polyethylene glycol (PEG)-based hydrogels, have
shown some success in protecting islets from immune
rejection.”” Additionally, encapsulation is compatible with
not only cadaveric islets but also alternative insulin-secreting
cell sources such as stem cell-derived islets or porcine islets,
helping to overcome the critical islet donor shortage.'®
Recently it has been demonstrated that the hydrogel shell
can be functionalized thus enhancing engraftment and
immune modulation by incorporating extracellular matrix
proteins lost during islet isolation, angiogenic factors like
vascular  endothelial  growth  factor to  promote
revascularization, or nanomaterial-based systems for local
delivery of anti-inflammatory and immunosuppressive
agents.'”** However, these methods typically produce
capsules of fixed, large diameter—often exceeding 500 pm—
which far surpasses the maximum effective diffusion
distance for oxygen and nutrients (~150 um),>" particularly
in avascular environments. These approaches result in
hypoxia-induced islet dysfunction or necrosis and limit the
choice of implantation sites to large, poorly vascularized
cavities such as the peritoneum.

De Toni et al. reported that alginate microcapsules often
reach 600-800 pum in diameter, with shell thicknesses
ranging from a few micrometres to more than 700 um.
Increasing the thickness of the capsules slows islet responses
to glucose stimulation, with in vitro perfusion assays showing
up to ~5 min delays and reduced high glucose stimulation
response peak by around 30%. In silico models predicted
peak delays of up to about 15 min with impaired shutdown
when lowering glucose challenge, and in vivo experiments
confirmed prolonged hyperinsulinaemia. These findings
highlight that capsule thickness, together with hydrogel
formulation, is a critical limitation for maintaining
physiological glucose-insulin dynamics.*> To address this
issue, conformal coating (CC) has recently emerged as a
refined encapsulation strategy that addresses these
drawbacks by forming a thin (typically 10-20 um), uniform
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hydrogel layer that conforms to the natural shape and size of
each islet.>>** This strategy drastically reduces the diffusion
barrier and total transplant volume (ie. graft volume),
enabling islet transplantation in smaller, more vascularized
sites such as the momentum and the subcutaneous
space.>®™?’

Two main CC approaches have emerged: layer-by-layer
(LbL) polymer assembly and hydrogel-based emulsion
coating. The LbL techniques enable nanoscale control of
coating thickness.”®**° However, they are often limited by
slow, labor-intensive protocols, and repeated handling steps
that can compromise the integrity and viability of cell
clusters. Additionally, many LbL coatings rely on polycationic
materials which can destabilize the negatively charged cell
membrane, leading to cytotoxicity and impaired cell
function.®® A further limitation is that these nanocoatings
often fail to achieve complete or stable coverage of the cell
surface, necessitating the co-delivery of immunosuppressive
agents to achieve immunoprotection—suggesting that their
physical barrier alone may be insufficient to shield
transplanted cells from host immune attack.**** In addition,
LbL requires direct modification of islet cell surface and it is
generally not stable since dependent on cell turnover.>* More
recently, flow-focusing emulsion-based CC methods,
developed by our group, introduced a physiologically
favorable pH environment during encapsulation, enhancing
islet survival and demonstrating improved graft viability in
preclinical models.?*3%3¢

In flow-focusing systems, two immiscible fluids are
injected into the device. When the aqueous phase containing
the polymer transitions from the dripping to the jetting
regime, the interfacial tension between the two immiscible
phases induces Plateau-Rayleigh instability, causing the
polymer water phase stream to break up into discrete
droplets.*” This phenomenon is governed by the balance
between the viscous shear stress of the continuous phase and
the interfacial tension.*®

When the aqueous polymer phase is loaded with
particulates, the breakup of the jet leads to the formation of
hydrogel shells around individual clusters. The presence of
cell clusters within the flow increases local velocity and flow
elongation, facilitating their separation and uniform
coating.>*?° These liquid capsules subsequently undergo
gelation upon contact with a cross-linking emulsion that
initiate polymerization.>® This encapsulation mechanism
enables precise spatial control of coating thickness while
avoiding cluster aggregation, a key advantage over bulk
encapsulation approaches.

In our previous works, conformal coating was performed
using a machined macro-scale device. This consisted of a
cylindrical oil chamber of about 10 mm in diameter into
which the aqueous islet suspension was injected via a
catheter. Downstream, a flow-focusing region tapered from
10 mm to 1 mm in diameter over a length of about 10 cm,
followed by a 1 mm-diameter, 10 cm-long glass capillary
where jet breakup and coating formation occurred.*’

This journal is © The Royal Society of Chemistry 2025
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Despite the advantages, current CC techniques rely on bulky,
complex systems with high reagent consumption, lack tunability
of coating thickness, and they offer limited scalability. This
limitation is particularly critical when considering that, for
clinical translation, transplantation of approximately 10 000 islet
equivalent (IEQ)—where 1 IEQ corresponds to the volume of a
standard islet with a diameter of 150 um®*'—per kilogram of
recipient body weight is generally recommended as the minimal
B cell mass required to achieve a meaningful metabolic
effect."”>** Such benchmarks highlight the importance of
developing encapsulation platforms that can be efficiently scaled
toward clinical application. In recent years, microfluidic
technologies have shown significant promise for generating
uniform hydrogel-based capsules, in the context of conventional
microencapsulation of islets or other cell types. Despite the
widespread use of microfluidic platforms for microcapsule
generation,”™® including systems with in situ gelation,* "
none, to the best of our knowledge, has been used for conformal
coating generation.

A
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In this work, we present the design and validation of a
flow-focusing microfluidic platform that enables conformal
coating of insulin-secreting cell clusters in a simple, scalable,
and tunable manner. By finely tuning the relative flow rates
of three immiscible streams—a central aqueous PEG
hydrogel precursor containing the cell clusters, a
surrounding coaxial oil sheath, an external cross-linking
emulsion—we achieved consistent formation of thin hydrogel
shells tightly adhering to the cluster surface. Unlike previous
CC systems, our platform requires minimal reagent
consumption, allows for real-time process monitoring, and
can be readily adapted to accommodate clusters of varying
size by altering channel cross-sections. This flexibility enables
the encapsulation of both murine insulinoma clusters and
human pancreatic islets, opening new avenues for cell-based
therapies in T1D and beyond. Furthermore, our system
preserves a  physiological pH environment during
encapsulation, enhancing cell viability and reducing the risk
of inflammation associated with peripheral cell death.*>!
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Fig. 1 Flow-focusing microfluidic platform for the conformal coating of insulin-secreting cell clusters. (A) Photograph of the microfluidic device
(left) and schematic representation of its key features (right). Highlighted in the magnified schematic is the flow-focusing junction, where an
aqueous phase containing the PEG hydrogel precursor solution and the cell clusters flows within an oil phase before entering in contact with the
water-in-oil cross-linking emulsion phase. (B) Detailed design of the microfluidic junction, with channel dimensions. (C) Schematic illustration of
the dripping and jetting regimes, alongside an experimental image showing the jetting regime with cell clusters suspended in the aqueous phase.
Scale bar, 500 um.
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Through detailed characterization of flow conditions, coating
uniformity, cell viability, and glucose-stimulated insulin
secretion (GSIS), we demonstrate the feasibility and versatility
of this microfluidic conformal coating approach. We propose
it as a broadly applicable tool for cell encapsulation in
regenerative medicine, enabling immunoprotection while
preserving cell function and minimizing transplant burden.
The microfluidic system presented here may serve as a proof
of concept for a disposable encapsulation cartridge,
potentially integrable into standardized clinical workflows
and paving the way for scalable, streamlined -cell-based
therapies.

2 Materials and methods
2.1 Microfluidic platform design and dimensions

The microfluidic device was designed to enable the flow-
focusing encapsulation of insulin-secreting cell clusters
within a water-in-oil emulsion. As shown in Fig. 1A, the
device is assembled by joining two halves of a
polydimethylsiloxane (PDMS) chip to allow for coaxial
injection of the aqueous PEG hydrogel precursor into the
continuous oil phase. The platform features three inlets—one
for the oil phase, one for the cross-linking emulsion, and one
for the aqueous phase—and a single outlet for droplet
collection. The three phases remain separated until the
convergence point at the flow-focusing junction.

The central aqueous channel has a square cross-section
with a side of 320 um to accommodate the passage of cell
clusters, while each of the lateral oil/cross-linking emulsion
channels has a rectangular cross-section, 400 um wide and
460 pm high. Downstream of the junction, the gelation
channel transitions to a rectangular cross-section, 800 um
wide and 460 pum high (Fig. 1B). All other dimensions are
reported in Fig. S1. This design supports the transition of the
aqueous phase from dripping to jetting regime with
appropriate flow rate conditions, as illustrated schematically
and experimentally in Fig. 1C. A real-time video showing the
encapsulation process at the flow-focusing junction is
available in SI (Video S1).

2.2 Microfluidic device fabrication and set up

The  microfluidic  device was  designed through
SolidWorks® software (Dassault Systémes, SolidWorks
Corporation, MA, USA). The desired features were milled
using a computerized numerical control machine (Roland
MDX-540, Roland DGA Corp, CA, USA) onto an optically
transparent acrylic sheet (3.15 mm thick acrylic sheet from
McMaster&Carr, Elmhurst, IL, USA) to fabricate the acrylic
master mould. PDMS (SYLGARD™ 184 silicone elastomer
kit: base and curing agent, Dow Corning, MI, USA) at a
10:1 w/w pre-polymer to curing agent ratio was used to
produce two identical layers from the acrylic master
mould, aligned and bonded together after a 50 second
oxygen plasma treatment. Three Tygon® tubes (1.5 mm
outer diameter, 0.5 mm inner diameter) were inserted into
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1.5 mm inlet ports created using a 1.5 mm biopsy
puncher (Integra Miltex, NJ, USA) and connected, via
hypodermic needles (21G), to three syringes loaded with
the solutions: one 1 mL glass Hamilton syringe for the
aqueous phase and two 3 mL disposable syringes for the
oil and cross-linking emulsion phases, respectively. Flow
rates were controlled by three independent syringe pumps
(PHD ULTRA syringe pump, Harvard Apparatus, MA, USA).
The CC particulates were then collected in a 50 mL tube,
pre-filled with cross-linking emulsion, through a Tygon®
tube placed in a 4 mm outlet port, punched into the top
PDMS layer using a 4 mm biopsy puncher (Integra
Miltex).

2.3 Reagents preparation

2.3.1 Aqueous hydrogel precursor. A partially crosslinked
(15%) 8-arm 10 kDa 75% functionalized PEG-maleimide
(MAL) (JenKem, TX, USA) with 2 kDa PEG-dithiol (JenKem) in
a 5:3 molar ratio (base:crosslinker) was used. Parameters
were set to reach the optimal viscosity.>® To allow even
mixing and prevent instantaneous and heterogeneous
gelation, the pH of this pre-polymer aqueous solution was
lowered to 3 by adding 1 N hydrochloric acid (Millipore
Sigma, MO, USA) and the temperature was controlled by
keeping the pre-gel on ice. Before use, the pH was made
neutral by adding small amounts of 1 N NaOH (Millipore
Sigma).

2.3.2 0Oil phase. The oil phase was composed of
poly(propylene glycol) (PPG) (Millipore Sigma) and 10%
Span80 surfactant (Millipore Sigma) to decrease the surface
tension with the aqueous hydrogel precursor.

2.3.3 Cross-linking emulsion. The emulsion method
involves the use of a PEG crosslinker water-in-oil emulsion to
prompt gelation of the liquid gel precursor coating on the
islets. The emulsion was prepared by adding 25 mg mL™
molecular biology-grade DTT (VWR, PA, USA) in HBSS to the
PPG/10% Span80 mixture.
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Fig. 2 Diameter distribution of NIT-1 pseudoislets and human islets. N
= 1579 for NIT-1 pseudoislets and N = 537 for human islets. Diameters
were manually measured on brightfield images using Imaged software.
Data are reported as median (NIT-1: 140.9 pum; HIl: 170.9 pum) and
interquartile range.
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2.4 NIT-1 pseudoislet generation and culture

NIT-1 is a pancreatic 3 cell line derived from transgenic
mouse insulinoma, proven to be a valid applicable model
system for optimization and mechanistic studies in T1D.>*>*
As NIT-1 cells (ATCC, VA, USA) reached confluence in a 2D
culture flask, the cells were transferred into a 30 mL spinner
flask (ReproCELL, MD, USA) at a density of 1 million cells
per mL and placed in the incubator on a magnetic stirrer
plate rotating at a speed of 70 rpm until a median cluster
diameter of 140.9 um was reached (about 4 days) (Fig. 2).

The composition of culture media was the following:
F-12K Medium (ATCC), 2 mM tr-glutamine (Thermo Fisher,
MA, USA), 10% FBS, 100 units per mL penicillin and 100 pg
mL ™" of streptomycin (Thermo Fisher). For encapsulation,
NIT-1 clusters were harvested from the spinner flasks and
suspended in the PEG hydrogel precursor aqueous phase at a
density of 160 IEQ mL ™.

2.5 Human islet culture

Human islets (HI) were purchased from Prodo Laboratories
Inc. (Aliso Viejo, CA, USA). Once received, the HI were
moved to fresh media for 24 hours prior to use to permit
recovery from the trauma of isolation and shipment.
Composition of the media was as follows: PIM®, specifically
formulated for culturing islets within the first 48 hours, is
composed of 500 mL PIM®, 25 mL PIM(ABS)®, 5 mL
PIM(G)®, 6 mL PIM(3X)®. HI population exhibited size
heterogeneity, with a median diameter of 170.9 pm and an
interquartile range of 136.1-210.3 pm (Fig. 2).

2.6 Experimental protocol

2.6.1 Encapsulation. The three Tygon® tubes were filled
with the appropriate reagent solutions (PEG hydrogel
precursor + cell clusters, oil phase, cross-linking emulsion)
by setting the syringe pumps to infusion mode. While the
tubes designated for the oil and cross-linking emulsion
phases were directly connected to the respective inlets of the
microfluidic chip, the tube for the aqueous phase required a
preliminary loading step. Specifically, 40 uL of the aqueous
hydrogel precursor containing the insulin-secreting cell
clusters was first introduced into the tube pre-filled with
mineral oil. To preserve cell viability and avoid exposure to
high shear stress, the aqueous phase was withdrawn at a flow
rate of 50 uL min ', allowing the cell clusters to enter the
tubing directly—bypassing the needle. The encapsulation
process and droplet formation were monitored in real time
using a stereomicroscope (Motic SMZ-171, ES).

2.6.2 Purification. The process to isolate the encapsulated
cells from the empty capsule and the oil phases began 12
minutes after collection in the 50 mL tube. 15 mL of mineral
oil were added directly into the 50 mL tube containing the
encapsulation product. Then, the 50 mL tube was filled with
HBSS to the top, mixed by gently shaking, and centrifuged at
1500 rpm for 5 minutes. Two additional washes with HBSS

This journal is © The Royal Society of Chemistry 2025
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were performed by centrifuging the conical tube at 1500 rpm
for 5 minutes, aspirating up to 5 mL and refilling with HBSS.

The 5 mL pellet volume was transferred into a new 15 mL
conical tube, rinsed, filled with HBSS, and spun at 1500 rpm
for 5 minutes. The supernatant was aspirated, and the pellet
incubated with 250 pL 1x PEG-dithiol for 1 minute, filled
again with HBSS, and centrifuged at 1500 rpm for 1 minute.
The supernatant was aspirated, 1 mL of media was added to
resuspend the pellet, and centrifugation was performed at
250g for 3 minutes. After aspirating the supernatant, 15 mL
of an islet gradient solution with a density of 1.037 g cm™
density (Corning, NY, USA) was added, and the solution was
centrifuged at 600g for 5 minutes with low brake.

After two washing cycles with 1 mL of media were carried
out by centrifuging at 1000 rpm for 1 minute each, the
sample was ready to be moved to a petri dish for further
analysis.

2.6.3 Encapsulation parameters tested. Preliminary
experiments were performed using polystyrene beads with
diameters in the islet range (50-150 um) at a concentration
of 80 TEQ uL ™, lower than the one used for encapsulating cell
clusters, due to their rigidity and adhesive nature. These tests
were carried out to narrow down the range of flow rates
within which the water phase transitions from the dripping
to the jetting regime. Subsequently, the flow rate
combinations listed in Table 1 were tested using NIT-1 cell
clusters.

2.7 Viability and functionality assessment

2.7.1 Thickness measurement. Image] (NIH, MD, USA)
was used for quantitative analysis on brightfield images,
measuring particle and capsule diameters, and capsule
thickness on three different axes for each capsule.

2.7.2 GSIS protocol. GSIS was assessed the day after the
encapsulation in both coated and uncoated cell clusters to
evaluate insulin secretion in response to glucose challenges,
a key feature of pancreatic islets for therapeutic applications.
The assay was performed in a 24-well non-tissue-treated
polystyrene plate, with transwells (Milicel, MA, USA). After a
one-hour pre-incubation in low glucose solution (2.2 mM),
clusters were sequentially incubated in (L1) low glucose (2.2
mM), (H) high glucose (16.6 mM), (L2) low glucose (2.2 mM),
and (KCl) KCI solution (30 mM), each for one hour. Eluted
samples were analyzed by insulin ELISA assay (Mercodia, SE).

2.7.3 Live/dead staining and confocal imaging. Cell
viability was assessed using a live/dead assay. Samples were
incubated at 37 °C for 1 hour in culture medium containing
ethidium homodimer (1:1000), calcein AM (1:1000), and
Hoechst (1:1000). Following incubation, three washing cycles
were performed with HBSS. The samples were then
transferred to a glass-bottom Petri dish for imaging, which
was carried out using a Leica SP5 inverted confocal
microscope (Leica Microsystems, DE). The acquired images
were analyzed using Leica Application Suite or Image]
software.

Lab Chip, 2025, 25, 6335-6348 | 6339
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Table 1 Encapsulation parameters tested. Linear flow rates were calculated at the inlet channels of each phase, corresponding to cross-sections of 320
x 320 um? for the aqueous phase and 400 x 460 um? for the oil and cross-linking phases

Aqueous phase

Oil phase flow Cross-linking emulsion Aqueous phase linear Oil phase linear

Cross-linking emulsion

Label flow rate [uL min™'] rate [uL min~'] flow rate [uL min~'] flow rate [um s™'] flow rate [mm s™'] linear flow rate [mm s™]
100 ; 100 3 100 100 488 9.0 9.0
140 ;140 3 140 140 488 12.7 12.7
180 ;180 3 180 180 488 16.3 16.3
2.7.4 Anti-PEG staining and confocal imaging. Samples 3 Results

were blocked and permeabilized in HBSS with 10%
chicken serum and 0.2% Triton X-100 for 30 minutes,
followed by 1 hour incubation with Rabbit Anti-PEG
Antibody Biotin (1:500, AbCam, ab53449) in HBSS with
2% BSA. After washing, samples were incubated for 1
hour with streptavidin-conjugated AlexaFluor488 (1:200)
and for 30 minutes with Hoechst (1:1000). Imaging was
performed using a Leica SP5 inverted confocal microscope,
and images were analyzed with Leica Application Suite or
Image] software.

2.8 Statistical analysis

Data were elaborated using Excel, and statistical analysis was
performed in GraphPad Prism 8 (GraphPad Software Inc., CA,
USA). Normality of data distribution was assessed via the
Shapiro-Wilk test. Differences between multiple groups were
assessed using the Kruskal-Wallis test followed by Dunn's
multiple comparisons post hoc test. Unpaired comparisons
were evaluated using the Mann-Whitney U test. Correlation
analyses were performed using Spearman's rank correlation.
Significance was set at p < 0.05.
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Fig. 3 Conformal coating (CC) thickness variation with oil phase flow
rate. Measured CC thickness of encapsulated NIT-1 clusters versus oil
phase flow rate (external oil phase flow rate; cross-linking emulsion
phase flow rate). The flow rate of PEG hydrogel precursor is fixed at
3 ul min™t. Thickness measurements were conducted using ImageJ by
assessing capsule thickness along three orthogonal axes per capsule,
and the mean value of these measurements is reported. Data are
represented as median and interquartile range. N = 4 for 100 ; 100, N
=1 for 140 ; 140, N = 20 for 180; 180; n > 100 for each individual
experiment. A fitted curve (y = 903.03x °7%7) with R? = 0.96 is
overlaid to illustrate the trend. **P < 0.01; ****P < 0.0001 (Kruskal-
Wallis test).
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To validate the performance of the microfluidic conformal
coating platform, we conducted a comprehensive set of
experiments using both NIT-1 clusters and primary human
pancreatic islets.

3.1 Effects of oil phase flow rate on coating thickness

First, we evaluated the effects of changing the flow rates of
the oil phase and the cross-linking emulsion phase on the
conformal coating thickness using NIT-1 pseudoislets.
Keeping the pseudoislet-containing aqueous hydrogel
precursor flow rate constant, we found that the coating
thickness decreased as the oil phase flow rate increased
(Fig. 3). Specifically, a 40 pL min™" increase in both the oil
and emulsion flow rates resulted in a marked reduction in
coating thickness.

At an oil flow rate of 100 uL min~", the median coating
thickness was 23.58 um (first quartile (Q1) = 18.29 pum; third
quartile (Q3) = 30.37 pum). Increasing the oil flow rate to 140
uL min™ reduced the median thickness to 16.58 pm (Q1 =
13.36 um; Q3 = 22.40 um), which was significantly different
from the 100 uL min~" condition (p < 0.0001).

A further increase to 180 uL min ' yielded a median
thickness of 14.89 pm (Q1 = 11.11 um; Q3 = 20.88 um), with
significant differences observed when compared to both the
140 pL min™ (p < 0.01) and 100 pL min™ (p < 0.0001)
conditions. The 180 ; 180 setting was chosen for further
assessments due to its ability to consistently produce the
thinnest hydrogel coatings among all presented conditions.

3.2 Validation of microfluidic platform for conformal coating
of murine pseudoislets
NIT-1 cell clusters were encapsulated using flow rates of 3 pL
min™" (clusters and hydrogel precursor solution), 180 uL
min~" (oil phase), and 180 pL min™" (cross-linking emulsion)
using our microfluidic platform (setting 180 ; 180),
confirming qualitatively the conformality of the capsules
(Fig. 4A). The NIT-1 clusters themselves exhibited a median
diameter of 140.9 pm (Q1 = 121.2 um; Q3 = 162.7 um)
(Fig. 2), highlighting a moderate degree of size heterogeneity.
Capsule thickness ranged from a minimum of 1.81 um to a
maximum of 56.12 pm (Fig. 4B).

While capsule diameter exhibited a strong linear
correlation with cluster diameter (r = 0.87) (Fig. 4C), capsule
thickness remained independent of cluster size (r = 0.09)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Evaluation of conformal coating and functionality of encapsulated murine pseudoislets using the 180 ; 180 setting. (A) Representative
phase contrast images of conformal coated (CC) NIT-1 insulinoma cell clusters at different magnifications across multiple independent
experiments. Scale bars, 150 um. The PEG hydrogel precursor was infused at a flow rate of 3 pul min~%, while the external oil and the cross-linking
emulsion were set at 180 ul min™t. (B) Coating thickness measured from the NIT-1 cluster surface to the coating exterior. Each value represents
the average of three measurements taken along three different axes. N = 20, with a total of n = 1579 clusters evaluated. Data are reported as
median (14.89 um) and interquartile range. (C) Correlation between cluster diameter and capsule diameter. Spearman correlation coefficient: r =
0.87 (R? = 0.76). Statistical significance: P < 0.0001. (D) Correlation between cluster diameter and coating thickness. Spearman correlation
coefficient: r = 0.09 (R? = 0.01). Statistical significance: P < 0.05. (E) Capsule completeness shown as orthogonal projections of representative
confocal images of anti-PEG (green) stained capsules (nuclei: blue). Scale bar, 100 um. (F) Representative live/dead images (maximal intensity
projection of 150 um-thick z-stacks) of CC NIT-1 clusters 24 h after coating, shown as confocal images of live (green)/dead (red) stained cells
(nuclei: blue). Scale bar, 100 um. (G) GSIS functionality of uncoated (gray) and CC (light blue) NIT-1 clusters shown as insulin secretion (left),
stimulation index (H/L1), and delta (H-L1) (right) during sequential stimulation with 2 mM glucose (L1), 16.7 mM glucose (H), 2 mM glucose (L2), and
30 mM KCl solutions. N = 3 independent batches of uncoated and N = 4 CC clusters, n = 3 technical replicates. Data are reported as median and
interquartile range. Kruskal-Wallis test followed by Dunn's post hoc test was performed to analyze insulin secretion profile and Mann-Whitney test
was performed on stimulation index and delta. ns: P > 0.05.
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(Fig. 4D), confirming the conformality of the encapsulation
across different cluster dimensions.

Confocal images of CC NIT-1 clusters stained with
Hoechst nuclear dye and anti-PEG antibody confirmed the
completeness and integrity of the conformal coatings, where
no significant cell protrusions outside the capsule could be
identified (Fig. 4E). Live/dead staining revealed high viability
of the clusters, with minimal presence of dead cells (Fig. 4F).

Both uncoated and CC NIT-1 clusters showed functional
GSIS functionality (Fig. 4G). The CC clusters exhibited a
stimulation index comparable to that of uncoated clusters
(uncoated: median 1.880, interquartile range (IQR) 0.330; CC:
median 2.013, IQR 0.021) and similar delta values (uncoated:
median 1.585 ug L', IQR 1.207 ug L™; CC: median 1.929 ug
L™, IQR 0.675 ug L ™).

3.3 Validation of microfluidic platform for conformal coating
of primary human islets

Primary HI were encapsulated using the same flow rates as
those used for NIT-1 cell cluster encapsulation (3 uL min™
for clusters and hydrogel precursor solution; 180 pL min™"
for the oil phase; 180 pL min™" for the cross-linking
emulsion). HI coatings were comparable to NIT-1 coatings in
terms of the capsules’ adaptability to islet morphology
(Fig. 5A). Quantitative analysis of capsule thickness revealed
a median value of 17.22 pm (Q1 = 12.78 pm; Q3 = 23.58 um),
ranging from 3.01 pm to 55.51 um (Fig. 5B).

The HI population exhibited a broader size distribution
than NIT-1 clusters, with a median diameter of 170.9 pm (Q1
= 136.1 pm; Q3 = 210.3 um), reflecting the natural
heterogeneity of primary human islets (Fig. 2). Capsule
diameter strongly correlated with islet diameter (r = 0.93)
(Fig. 5C), while thickness remained largely independent (r =
0.16) (Fig. 5D), confirming coating conformality to islet shape
and size. Confocal imaging of CC HI stained with Hoechst
and anti-PEG antibody confirmed coating integrity and
completeness (Fig. 5E). Live/dead staining revealed viable
islets with only occasional dead cells (Fig. 5F).

GSIS assay (Fig. 5G) confirmed functional GSIS in both
uncoated and CC HI. However, CC islets secreted
substantially more insulin across all stimulation conditions,
particularly under high glucose (16.6 mM) conditions,
suggesting a protective effect of the hydrogel shell. Enhanced
GSIS functionality of CC HI compared to uncoated HI was
confirmed by a higher stimulation index (uncoated: median
1.783, IQR 0.395; CC: median 5.746, IQR 0.275) and insulin
delta (uncoated: median 3.221 ug L™, IQR 0.282 ug L™; CC:
median 49.22 pg L', IQR 40.18 pg L.

Notably, this difference in GSIS functionality was observed
despite both groups containing comparable amounts of DNA
(Fig. S2). However, statistical significance was not assessed
due to the sample size. This observation suggests that the
conformal coating may serve as a protective barrier,
improving the well-being and functional maintenance of the
encapsulated islet cells during in vitro culture after isolation.

This journal is © The Royal Society of Chemistry 2025
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4 Discussion

We developed a flow-focusing microfluidic platform that
allows for conformal coating of insulin-secreting cell clusters
with controllable thicknesses down to a few tens of
micrometers, offering a simple, scalable, and tunable
solution for islet microencapsulation in hydrogels. Compared
to existing conformal coating strategies, our CC-on-chip
approach avoids key limitations of both LbL and bulk
emulsion methods. LbL coatings require direct modification
of the islet cell surface and are inherently unstable due to
membrane turnover,>® while bulk emulsion-based systems
lack precise control of coating thickness, expose islets to
transient hypoxia in large external volumes, and do not allow
real-time monitoring of the encapsulation process. By
contrast, microfluidic systems are particularly well-suited for
this application due to their low fabrication costs, reduced
reagent consumption, and real-time control over flow
dynamics. A key strength of the platform lies in its design
flexibility: the geometry of every channel can be readily
adapted to different sized cluster populations, for example
going from small clusters to large spheroids by modifying the
cross-sectional area of the clusters and hydrogel precursor
solution to be >1.5-fold wider than the cell/clusters to
encapsulate, and proportionally scaling up or down the size
of the other channels, enabling rapid customization without
major redesign. In addition, acrylic mould milling allow for
fast and low-cost fabrication. This scalability is, however,
bounded by the stability of the jetting regime and by gravity,
which at larger dimensions begin to play a significant role in
altering the jet and perturbing Plateau-Rayleigh breakup.
Based on our estimates, the device can be practically scaled
by approximately 5-7 times before gravitational effects
become limiting.

Compared to the previous CC devices developed by our
group,”®*® the current platform offers a significantly faster
and simpler setup. The duration of the encapsulation process
itself is comparable between the two systems; however,
downstream purification is faster in our workflow. In fact,
although the same protocol is followed, the reduced reagent
consumption associated with our device lowers the presence
of residual oil phases, thereby decreasing the number of
washing steps required. Importantly, our system also
supports real-time monitoring of the encapsulation process,
which is not possible with traditional CC setups, allowing
immediate visual feedback and improved process control.
Together, these improvements contribute to a more
streamlined encapsulation process, well suited for both
experimental and translational applications.

Fine-tuning the hydrogel coating thickness represents a
critical engineering challenge, as it governs the balance
between providing effective immunoprotection while
preserving optimal mass transport dynamics necessary for
sustained cell viability and function.>**> As demonstrated in
Fig. 3, the increase of the oil phase and cross-linking
emulsion flow rates resulted in a progressive reduction in
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capsule thickness. This tunability is fundamental for
optimizing the diffusion properties of the hydrogel shell and
it provides a versatile approach to tailor encapsulation
parameters based on specific clinical needs. Preliminary tests
of the platform showed a high risk of leakage when applied
flow rates approached 200 uL min™'. To ensure operational
stability, we thus limited the flow rates below this threshold
for subsequent experiments; future work will focus on
improving tubing connections to the PDMS chip to withstand
higher pressures. Further, the aqueous hydrogel precursor
containing the therapeutic cell clusters was maintained at a
constant flow rate to keep the same encapsulation
throughput, although it is also adjustable. Reducing the
aqueous flow rate would have resulted in thinner coatings
due to enhanced shear forces at the flow-focusing
junction;’**® however, it would concurrently decrease the
number of cell clusters encapsulated per unit of time.
Conversely, rising the aqueous phase flow rate, although
allowing for a higher encapsulation throughput rate, would
produce thicker coatings and would increase the risk of
compromising encapsulation uniformity and conformality.
Empirical tests within a 1.5-5 uL min~" range indicated that
3 uL min™" represented the upper limit for maintaining
coating conformality. Thus, the chosen flow rate setting
reflects an optimized trade-off between achieving coating
thickness within the desired range and preserving an
efficient encapsulation rate. Importantly, the relative ratio
between the aqueous and oil phase flow rates remains the
key determinant for achieving consistent and conformal
coatings, while preventing cluster aggregation or incomplete
encapsulation. For more substantial adjustments of the
coating thickness range, modifications to the microfluidic
channel geometry can also be implemented with minimal
design effort as discussed above.

All flow rate combinations we tested generated coatings
with thickness in the desired range. However, the setting
with oil phase and emulsion phases at 180 uL min ' was
selected for further experiments, as it consistently yielded the
thinnest coatings. Specifically, compared to the 100 puL min™
condition, this setting achieved a ~25% reduction in graft
volume (considering that the median diameter of the NIT-1
cluster is 140.9 pm and assuming that the capsules are
spherical), which is critical for translation of the
encapsulation platform we report here to large numbers of
human islets necessary for diabetes reversal in patients with
T1D (~6% reduction compared to 140 ; 140). Although fluid-
dynamic simulations could, in principle, provide mechanistic
insights, applying them to this three-phase system with
dynamic gelation would require major simplifications
thereby limiting predictive power. Given the high
computational cost of our previous two-phase models,* we
opted for empirical optimization, which enabled robust and
reproducible operating conditions.

Encapsulation results (Fig. 4 and 5) demonstrated that
both NIT-1 insulinoma clusters and primary human islets
were successfully conformally coated within a hydrogel shell
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thickness range compatible with nutrient and insulin
diffusion. Quantitative analysis revealed a strong positive
correlation between NIT-1 and HI cluster diameter and
capsule diameter, and no correlation between capsule
thickness and cluster size, confirming uniform coating across
heterogeneous size clusters. Such consistency is particularly
advantageous when dealing with cell clusters which naturally
exhibit considerable size variability, such as primary human
islets (HI diameter IQR: 74.2 pum; NIT-1 clusters diameter
IQR: 41.5 pm).

Confocal imaging with anti-PEG staining demonstrated
complete and uniform coverage of the clusters, with no major
protrusions, supporting the conformality of the coating. Live/
dead staining revealed high viability after encapsulation, and
GSIS assays confirmed that both NIT-1 clusters and HI
retained their functional insulin responsiveness to glucose
challenge, indicating that shear forces during encapsulation
did not substantially compromise islet integrity. This high
viability of cell clusters after coating is further attributed to
the fact that the encapsulation process maintains cells within
a physiologically neutral pH environment throughout.
Avoiding acidic or basic conditions during hydrogel
polymerization is critical, as exposure to non-physiological
pH has been associated with peripheral cell death, potentially
triggering local inflammatory responses and compromising
islet engraftment and survival upon transplantation.**>!
Consistently, quantitative viability analysis confirmed ~96%
viable cells in naked HI and ~81% in CC HI 24 h after
encapsulation, indicating that a substantial fraction of islet
cells remains viable after coating (Fig. S3); this early time
point was chosen as it represents the clinically relevant
window prior to transplantation, since extended in vitro
culture of human islets is not informative due to their rapid
loss of viability and function.”®

In line with this, the preserved viability was reflected by
functional performance, as CC HI exhibited improved GSIS
functionality compared to uncoated controls, suggesting that
the encapsulation not only preserved but may have enhanced
islet functionality, although the small sample size precludes
definitive conclusions. These results should be interpreted
with caution, since apparent improvements in GSIS may
reflect in vitro culture artefacts rather than intrinsic
enhancement of islet function. From a translational
standpoint, it is critical that coating does not diminish islet
functionality, which our data confirm. Importantly, previous
in vivo studies using the same PEG-based conformal coating
demonstrated that coated islets maintained blood glucose
regulation comparable to uncoated controls for up to 100
days, further supporting that the coating preserves islet
function in vivo, due to the maintenance of diffusion
distances within physiologically permissive ranges and the
mitigation of hypoxia-related damage.”>*> The enhanced
insulin secretion was observed exclusively in primary HI,
likely due to their greater sensitivity to environmental and
mechanical stress compared to the more resilient NIT-1
pseudoislet model. In line with our findings, some studies
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have reported a modest increase in insulin secretion
following encapsulation, particularly during high-glucose
stimulation phases,®® while others observed no significant
changes in secreted insulin levels after encapsulation.>”
Conversely, other reports have shown that encapsulation in
alginate hydrogels may slightly impair GSIS responses.***
These observations emphasize the importance of both
capsule thickness and material properties in determining
the functional outcome of islet encapsulation. Several
mechanisms may underlie the observed functional
enhancement: the capsule (i) could reduce exposure to
mechanical and environmental stress during the GSIS
assay, shielding the islets compared to uncoated controls;
(if) it may act as a physical spacer, preventing cluster
adhesion to the culture substrate and promoting a more
homogeneous distribution of oxygen and nutrients; (iii)
may help maintain islet structural integrity, counteracting
the tendency of isolated cells to disaggregate, preserving
critical cell-cell communication and limiting the loss of
supporting cells essential for islet functionality. In contrast,
human islets microencapsulated with traditional methods
have been reported to exhibit delayed and dampened
insulin responses underscoring the advantage of CC in
preserving physiological GSIS kinetics.>> We acknowledge
that we did not perform long-term culture of human islets,
since extended in vitro maintenance is of limited relevance
due to the rapid decline of viability and function of
isolated islets.>® Additionally, larger-scale studies are
needed to confirm the functional benefits of conformal
coating with sufficient statistical power, after which
targeted experiments can clarify the contribution of
individual mechanisms to the enhanced performance of
primary islets. Thanks to this preliminary study, we were
able to perform a power analysis based on the variance
observed in the two available donors. The standard
deviation of the paired differences was approximately 20 pg
L™, while the mean difference was 25 ug L™". Under these
assumptions, approximately 6-8 donors would be required
to achieve 80-90% power at a = 0.05. Beyond metabolic
performance, previous studies with the same PEG-based
conformal  coatings have  provided evidence  of
immunological protection and ongoing studies are
confirming the stability of the hydrogel coatings over time,
to demonstrate preservation of mechanical properties and
diffusivity (unpublished data). In particular, Stock et al®®
demonstrated that the hydrogel shell, while permeable to
insulin and glucose with a diffusion velocity of 1110 + 528
and 187 + 89 um® s™', respectively, is impermeable to
immunoglobulin G, a critical prerequisite for achieving
immunoisolation. While the present study does not
investigate immune mechanisms, these prior findings
underscore that the microfluidic platform presented here
builds upon an established foundation of immunological
relevance.

In addition, the clinical applicability of this approach is
particularly promising, given its potential to address several

This journal is © The Royal Society of Chemistry 2025
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major limitations of current islet transplantation strategies.
By enabling the generation of thin, conformal, and tunable
hydrogel coatings, the microfluidic platform minimizes graft
volume, facilitates transplantation into confined, highly
vascularized, and potentially retrievable sites, and supports
physiological glucose-insulin dynamics. Notably, conformal
encapsulation with this system results in a graft volume that
is 10- to 100-fold smaller than that required by conventional
microencapsulation approaches to deliver the same number
of islet equivalents.”” This dramatic reduction greatly
enhances the feasibility of transplantation into spatially
constrained, highly vascularized sites such as the omental
pouch®® or the prevascularized subcutaneous site.”®>’
Furthermore, because conformal coating minimizes hypoxia-
induced cell death by maintaining optimal diffusion
distances and primary islet functionality through
mechanisms still to be investigated, it may ultimately allow
for the implantation of fewer IEQ while achieving comparable
or superior therapeutic outcomes. In addition, the versatility
and scalability of the device design make it adaptable to a
broad range of therapeutic contexts beyond T1D, including
other regenerative medicine applications where cell viability,
function, and controlled engraftment are critical for clinical
success.

While the system effectively produces conformal capsules
with preserved cell viability and function, some limitations
remain. Occasional protrusions in the hydrogel shell were
observed, which may compromise the conformality of the
coating and potentially reduce the effectiveness of
immunoprotection. In this study, capsule integrity was
assessed by anti-PEG staining, which cannot directly quantify
potential cell protrusions. Staining of cell surface markers
would allow a more accurate detection. Future studies should
therefore explore direct cellular labeling approaches
combined with quantitative image analysis. One possible
solution to prevent uncoated protrusions is the
implementation of a double-coating strategy, whereby cell
clusters undergo a second passage through the microfluidic
chip. This sequential approach can improve coating
completeness and reduce surface irregularities, without
introducing  significant complexity to the process.
Alternatively, refinements in the microfluidic chip design,
particularly at the flow-focusing junction, may further
improve coating consistency. For instance, replacing the
current rectangular channel cross-sections with squared
geometries at the junction has been shown to enhance the
stability of the jet and may improve coating uniformity.*”
Such geometric refinements could contribute to more
consistent coating formation and improved control over
capsule morphology.

In terms of throughput, the current system enables an
encapsulation rate of approximately 480 IEQ min™", which
is three-fold lower than that of the previously reported non-
chip-based conformal coating approach (~1500 IEQ min™).
However, unlike the latter, our platform is readily scalable
via parallelization. Thanks to its compact footprint and
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low-cost fabrication, multiple devices can be operated in
parallel to significantly increase the throughput, offering a
practical path toward clinical-scale encapsulation. In fact, at
this rate, coating a clinically relevant dose of about 700 000
IEQ (for a 70 kg recipient) would require about 24 h using
a single chip, but operating for example 12 chips in
parallel would reduce this time to about 2 h. By contrast,
the previous macro-scale device, despite its higher
throughput, would still require approximately 8 h to coat
the same number of islets and could not be parallelized
effectively, making our microfluidic platform substantially
more suitable for clinical translation.

The compact and low-cost nature of the device, combined
with its straightforward operation and minimal reagent use,
underscores its potential as a prototype for a clinically
usable, disposable cartridge. Such a design could be
integrated into closed-loop workflows for automated islet
encapsulation and consequent transplantation.

In conclusion, our flow-focusing microfluidic device
demonstrates a robust, tuneable, and scalable platform for
conformal hydrogel coating of pancreatic islets and insulin-
secreting clusters, addressing major limitations of existing
encapsulation technologies and paving the way for future
clinical translation in regenerative medicine and T1D
therapy.

Conclusions

We developed and validated a new flow-focusing microfluidic
platform for the conformal hydrogel coating of insulin-
secreting cell clusters, offering a streamlined, tuneable, and
scalable alternative to conventional microencapsulation
systems. By adjusting the flow rates of the immiscible
phases, the platform reliably produced thin (10-20 um) PEG
hydrogel-based coatings with high uniformity and minimal
reagent consumption. The system supported real-time
monitoring of the process and was adaptable to both murine
NIT-1 pseudoislets and to primary human islets, preserving
cell viability and GSIS functionality.

Compared to previously reported conformal coating
methods, this microfluidic platform simplifies device
handling, and allows for straightforward redesign for
application  customization and  scalability  through
parallelization—critical for translating cell-based therapies
into clinical use.

While this study focused on encapsulation of insulin-
secreting cell clusters for T1D, the technology is readily
adaptable to other cell types and therapeutic contexts where
immune isolation, minimal transplant volume, and sustained
cell function are essential. Overall, this microfluidic platform
offers a practical and versatile foundation for advancing and
translating ~ conformal  encapsulation  strategies in
regenerative medicine. This work thus represents not only a
robust microfluidic platform for islet encapsulation, but also
a compelling proof of concept for a future disposable
cartridge system tailored for clinical translation.
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