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Abstract

In this report, we present a novel microfluidic islet array based on a hydrodynamic trapping
principle. The lab-on-a-chip studies with live-cell multiparametric imaging allow understanding of
physiological and pathophysiological changes of microencapsulated islets under hypoxic
conditions. Using this microfluidic array and imaging analysis techniques, we demonstrate that
hypoxia impairs the function of microencapsulated islets at single islet level, showing a
heterogeneous pattern reflected in intracellular calcium signaling, mitochondrial energetic, and
redox activity. Our approach demonstrates an improvement over conventional hypoxia chambers
that is able to rapidly equilibrate to true hypoxia levels through the integration of dynamic
oxygenation. This work demonstrates the feasibility of array-based cellular analysis and opens up
new modality to conduct informative analysis and cell-based screening for microencapsulated
pancreatic islets.
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INTRODUCTION

Human islet transplantation is a promising therapy for patients with Type | diabetes mellitus
(T1IDM)L 2, Islet transplantation provides tight glycemic control without the need for
exogenous insulin. However, islet transplantation requires immunosuppression that has
unwanted side effects for both the patient and islet graft. The immunoisolation of islets in
microcapsules has been heavily investigated to avoid immunosuppression. If successful, this
strategy would have a significant impact on islet transplant outcomes. Despite initial
promising results in both small animal and non-human primate transplant models, only
short-term and partial graft function have been achieved in clinical trials3->. Several factors
have been proposed to be responsible for graft loss of microencapsulated islets: insufficient
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material biocompatibility, limited immunoprotective properties, inadequate permissibility of
nutrient, hypoxia, and suboptimal insulin release 6. 7.

While research has focused heavily on material biocompatibility and immune-protection, a
comprehensive understanding of physiological or pathophysiological changes of
microencapsulated islets is often constrained due to the availability of research tools.
Functionality of microencapsulated islets is typically determined using glucose static
incubation (GSI), where microencapsulated islets are challenged with glucose and the
“bulk” insulin secreted is then quantified using ELISA. Oxygen consumption rates (OCR) of
microencapsulated islets are often measured using a Clark’s electrode inserted in a glass
chamber connected to a data acquisition system &. However, most of these assays are either
static or examine a single parameter at a time and hence cannot be used to fully investigate
the complexity of physiological and pathophysiological changes of encapsulated islets.

There has been growing interest in the development of microfluidic platforms that allow for
the manipulation of the microenvironment of individual cells and control stimuli for the
study of complex intracellular processes 2 10. Recently, several microfluidic studies have
attempted to exploit high-throughput live-cell assays at single cell, including studies in drug-
induced cardiotoxicity, anti-cancer drug screening, and cellular responses to electrically
controlled dosing 11-14. Additionally, the integrated microfluidics have also been applied to
comprehensive and systematic studies of cell signaling and cancer biomarkers 1°. These
studies show great promise and highlight unique advantages for this technology: simplicity
in execution, robustness in data results, and inexpensive cost. Microfluidics also offer
advantages in scalability and is emerging for scalable imaging tools in precisely controlled
and dynamic microenvironments.

In order to achieve single-cell and real-time imaging, the microfluidics must be designed to
enable precise analysis of an individual cell in a specific location, such as an array, with
minimal shear force and cell stress. Hydrodynamic-based microfluidics have been developed
to confine cells with high precision16-19, Using the hydrodynamic trapping approach, cells
are directed along the fluidic path of least resistance to areas of constriction, where they are
then held in place by flow pressure. This approach allows the sequential trapping of cells
with consistent trapping efficacy. Here, we describe a microfluidic array based on the same
principle, which allows for the entrapment and positioning of microencapsulated islets in an
array. Furthermore, the device can be used to perform real-time fluorescence imaging of key
insulin stimulation-secretion coupling factors at the single encapsulated islet. An
oxygenation channel was then integrated to study the pathophysiological changes under
hypoxia; one factor proposed to contribute to the graft failure of microencapsulated islet.
This work establishes a novel and reliable approach to perform high-content analysis of islet
cells in the field of microencapsulation and islet transplantation.

EXPERIMENTAL SECTION

Design idea and trapping principle

This microfluidic array is a three-layer, polydimethylsiloxane (PDMS) device as
schematically shown and photoimage shown Figure 1A and 1B. The device design is based
on the hydrodynamic trapping principle, which was first described by Tan and Takeuchi 20
with some dimensional modifications in consideration of capsule diameter range (400-550
pum). The top layer consists of four areas: 1.) an inlet channel for islet loading and fluid
delivery (2 mm in diameter); 2.) a serpentine channel (width = 575 pm and height = 600
um) to facilitate cell loading by dampening pressure and arranging particles prior to the
trapping of microencapsulated islets; 3.) a capsule-trapping array composed of square-wave
shaped loop channels superimposed onto a straight channel. An array of U-cup shape kinetic
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pockets along the straight channel is designed to trap the microcapsules. The U-cup diameter
of the pocket is 550 pm and has a depth of 450 pm. There is an exit flow aperture at the apex
of the U-cup with a reduction in width (175 um), which we refer to as a straight channel.
When flow carries a capsule to the junction between the U-cup and loop channel, the flow
encounters less resistance in the straight channel through the unoccupied cup. As a capsule
trapped in this cup, the resistance is increased in the straight channel and the flow is
redirected into the loop channel. This flow then carries subsequent capsule towards the next
trap, iterating the trapping downstream throughout the device. 4.) Finally, there is an outlet
to collect perifusate waste. The middle layer is a 100 pm gas-permeable PDMS membrane
for oxygen control designed based on our previous study 21. The bottom layer is a gas
channel for delivery of oxygen (2 mm inlet diameter and 300 pm in height). More
information about calculation of pressure drop for designing geometry was in
Supplementary Information (SI).

Device fabrication

The microfluidic array device was fabricated using the soft lithography technique as
described previously 22 23, (Please see the Device fabrication in the SI).

Computer simulation

2D computational fluid dynamics (CFD) simulations were performed in COMSOL
Multiphysics 4.2 (COMSOL, MA) using a ‘stationary laminar flow” model. All sub-domains
were assigned with a density of p = 1000 kg/m3 and a dynamic viscosity of 7= 0.001 Pa - s
(for water at 20 °C). No-slip boundary conditions were applied to the walls of the channels.
The height of all channels was 600 um. The complete mesh consisted of 79561 elements.
Error tolerance was 1075,

Device oxygenation validation

An optical sensor (Neofox, Ocean optics, FL) was used to determine the oxygen
concentration. The oxygen probe uses photoluminescence-quenching of a ruthenium
compound to detect oxygen molecules and has a reaction time of 15-20 s in gaseous phase
and 30-45 s in aqueous media. Two-point sensor calibration was carried out according to the
manufacturer’s instructions, with all gas mixtures balanced with nitrogen consisting of 0%
0,/5% CO5 and 21% O,/5% CO, as references for 0% of O, and 21% of O,, respectively.
Oxygenation efficacy in the microfluidic channel was evaluated in both gaseous (diffused)
and aqueous (dissolved) modes in either an alternating pattern of 5%- 21% of O, or a step-
down pattern of 21-10-5-1% of O».

Islet isolation

Rat and human islets were isolated according to a previously described protocol 24: 25. 26, 27
and detailed information was described in the SI.

Encapsulation in Ca2*/Ba2* Alginate Microbeads

Encapsulation of both rat and human islets in Ca?*/Ba* alginate microbeads was performed
using previously described 28 and the detailed information was described in the SI.

Device preparation and cell loading

The microfluidics was first prepared by flowing 100% of ethanol for 5 min to prevent
potential bubble formation and then rinsed with distilled water thoroughly. Before loading
cells, the device was filled with Krebs-Ringer buffer containing 2 mM glucose (KRB2) and
then positioned on a glass heating stage at 37 °C. In order to allow high trapping efficacy
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and minimize shear force on microcapsulated islets, both islets and fluids were delivered
into the device using a hydrostatic pressure-driven method. First, a 1 mL pipette tip was
inserted into the inlet and filled with KRB2 up to 50 mm in height (50 mm higher than that
of the outlet) while the outlet was clamped. The microencapsulated islets were hand picked
under a dissecting microscope using a P20 pipette and transferred into the loading pipette.
The outlet was then unclamped, which allowed the fluid and capsules in the inlet to flow
into the device by gravity. Using this method, one hundred capsules were arrayed in less
than 30 s.

Fluorescence imaging

All imaging experiments were conducted according to previously described methods 23: 29,
For simultaneous fluorescence imaging, microencapsulated islets were labeled with
ratiometric fluorescent dye Fura-2/AM (Fura-2, Molecular Probes, CA) to determine
intracellular calcium levels ([Ca**];). Fluorescent Rhodamine 123 dye (Rh123, Sigma, MO)
was used to determine changes in mitochondrial potentials (yy,). Due to the speed limitation
of the microscope, all imaging studies were conducted on 25 of the 100 encapsulated islets
in the array to demonstrate proof-of-concept. The information of the fluorescence imaging,
stimulation protocol, and oxygenation protocol used was described in the SI.

Statistical analysis

All data were expressed in mean + SD. For multiple comparisons, one-way ANOVA was
used and then confirmed with bonferroni post-test. P-values < 0.05 were regarded as
statistically significant.

RESULTS AND DISCUSSION

Evaluation of flow dynamics

COMSOL flow-velocity results within the microchannel and the region of the capsule
immobilization site were shown in Figure 2A with a close-up view of the velocity
distribution and velocity streamlines around the trapping site (U-cup shape kinetic pockets).
A laminar inflow boundary condition with a flow rate of 250 JL/min was applied to the inlet
and the boundary condition at the outlets was assigned with a pressure of 0 Pa. As observed,
the highest flow velocity was located in the immobilization site, while there was a decrease
in flow-velocity from the trapping site to the loop channel. From the close-up view (Fig.
1A), the velocity streamlines indicated that there was a partially diverted liquid into the
immobilization site generated by a hydrodynamic force and would allow capsules to flow
towards the immobilization sites. A particle occupying the U-cup pocket increases the flow
resistance that allows flow to bypass the U-cup pocket and directs flow into the loop
channels (Fig. 2B).

Device oxygenation capability

In order to expose the microencapsulated islets to a controlled hypoxia, a thin (100 um
thickness) PDMS membrane was added to the microfluidics (Fig. 1A) as previously
published 2130, The added membrane allowed for dynamic gas delivery independent of the
flow control. It allowed for more precise temporal control of oxygenation over the target
cells when compared to traditional perifusion methods. Using inflow to carry dissolved
oxygen to cells had low efficacy in the modulation of oxygen concentration and is
operationally cumbersome. Our design principle allowed for controlled delivery of oxygen
directly into the targeted encapsulated islet without interfering with flow and provided a
much improved method to study hypoxia than has been previously achieved (see the Sl for
further information of the device oxygenation capability).
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Loading and trapping efficacy of microcapsulated islets

Microfluidic arraying through differential hydrodynamic fluidic resistance has been proven
highly reliable and efficient in literature 16: 31, Additionally, this passive trapping
mechanism is less sensitive to flow fluctuations caused by either spontaneous gas bubbles or
switching of solutions. Our design for hydrodynamic confinement of microencapsulated
islets was based on the same principle. As shown in both Figure 3A and 3B, both artificially
created air bubbles and empty alginate capsules (D = 500 jm), were successfully arrayed in
the microfluidic array with a high trapping efficiency (~ 99%). In Figure 3C and 3D, it was
shown that the microcapsulated islets were also precisely positioned in the trap sites without
any deformation of the capsules, also shown in SI V1. Furthermore, the trapped
microencapsulated islets could be easily released for further analysis, such as
immunohistochemistry (SI V1), by flow inversion.

The responses of microcapsulated islets to insulin secretagogues under normoxia are
heterogeneous

The dynamic visualization of physiological and pathophysiological changes in individual
encapsulated islets has clear advantages over existing “static and bulk” assays and can
provide detailed spatiotemporal information in a quantified manner. The microencapsulation
process is a very complex and multi-step process. Each manipulation step may be stressful
and even detrimental to the viability of an islet. The current standard assay to determine the
function and viability of a microcapsulated islet provide limited information on the
physiological or pathophysiological changes of microencapsulated islets. Using this
microfluidic-based islet-trapping array, we can observe individual islet responses to
secretagogues, focusing on several key insulin stimulator-secretion coupling pathways.

Insulin secretion is controlled by B-cell electrical activity, metabolic events, and ion
signaling and displays biphasic and pulsatile kinetic profiles in response to changes in blood
glucose. In short, glucose catabolism generates ATP through the mitochondrial tricarboxylic
acid cycle, which consequently closes ATP-sensitive K* channels, initiates plasma
membrane depolarization and increases [Ca2*]; via voltage-dependent calcium channels.
This glucose-stimulated increase in [Ca2*]; triggers the fusion of insulin granules with the
cell membrane and, subsequently, results in the exocytosis of insulin.

Microencapsulated rat islets, in response to 14 mM glucose under normoxia (21% O5),
showed heterogeneous [Ca%*]; changes with a mean change of 105.82% + 1.51 (max: 108.67
% and min: 103.68%). Microencapsulated rat islets in response to 30 mM KCI stimulation
also showed heterogeneous [Ca?*]; with a mean change of 110.09% + 2.44 (max: 115.67%
and min: 107.54%). For microencapsulated rat islets in response to 14 mM glucose, ym
mean change was 82.87% + 3.06 (max: 86.78% and min 76.36%) (Fig. 5) (For Fig. 4 & 5, n
= 65 from three experiments).

Microencapsulated rat and human islets in response to either 14 mM or 25 mM glucose
showed heterogeneous changes in NAD(P)H autofluorescence with a means of 110.28% =+
0.95 (max: 111.54% and min: 108.02%) for rat islets and a means of 106.59% + 0.95 (max:
108.01% and min: 104.40%) for human islets. (Fig. 6. n = 65 from three experiments).

The islet array integrated with live-cell imaging techniques can provide more detailed
spatiotemporal information of an individual islet response to extracellular stimulators. In
addition to serving as a tool to determine the functionality and viability of
microencapsulated islets, the array may also be used in the future as a screening tool for
therapeutic screening in order to improve the survival and function of microencapsulated
islets.
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Hypoxia impaired the function of microcapsulated islets

Hypoxia is widely considered to be one of the primary factors associated with the functional
loss of encapsulated islets 3 3233 and has also been linked to the immunoisolation failure of
microencapsulation 3. Isolated islets are exposed to a hypoxic environment at many levels:
(i) isolated islets have a disrupted vascular network and are dependent on diffusion for
oxygen supply 3436 (ii) the microencapsulation process may further aggravate islet hypoxia
by both preventing islet revascularization and increasing the oxygen diffusional distance due
to capsule sizes that are often larger than 500 um 37; (iii) the intraperitoneal space, a
common transplant site for microencapsulated islets, has a low oxygen tension (5-5% Oy),
which is significantly lower than the in situ pancreas 38. Hypoxia may also facilitate the
attraction of macrophages and subsequently cause cell overgrowth on the microcapsule 3: 33,

Here, we further investigated the impact of hypoxia on [Ca2*]; signaling, , changes, and
NAD(P)H of microencapsulated islets. As shown in Figure 7A and B, the [Ca2*]; of
microencapsulated human islets in response to glucose were oxygen concentration-
dependent and were inhibited by hypoxia. Under normoxia (21% O5), the average [Ca%*];
increased by 118.28% + 0.85 in response to 25 mM glucose, while hypoxic concentrations
decreased [Ca®*];: 108.10% =+ 0.38 in 10% O,, 104.04% =+ 0.242 in 5% O and 102.51% +
0.15in 1% O, (p < 0.001 when 21% O, vs. the three hypoxic groups as well as p < 0.001
when 10% vs. 5% and 1%) (n = 65 from three experiments for each oxygen condition).
Similarly, u, changes, often used as an indicator of cellular energetic status, were also
inhibited in an oxygen concentration-dependent manner (21-10-5-1%): 83.70% =+ 0.59,
92.71% + 0.38, 95.72% =+ 0.37, and 97.79% =+ 0.17 (p < 0.001 when comparing 21% vs. all
three hypoxic groups; p < 0.001 when comparing 10% vs. 5% and 1%, and p < 0.01 when
comparing 5% and 1%) as shown in Figure 8A an 8B (n = 65 from three experiments for
each oxygen condition).

The pyridine nucleotide NAD(P)H is required to drive a number of cellular processes.
Recently, these co-factors have also been shown to be involved in physiological functions of
aging, oxidative stress, [Ca2*]; homeostasis, ROS, and cell death. Perturbed NADPH can
promotes mitochondrial permeability transition pore opening, and increases sensitivity to
ROS and apoptosis. NADPH has also been shown to participate in insulin release process in
B-cells through transferring its reducing power to the electron transport chain, resulting in
ATP synthesis that further influence ATP-dependent insulin secretion3%-41, NAD(P)H
imaging by autofluorescence is a quantitative measure of the combined redox signal from
NADH and NADPH (referred to as NAD(P)H) with excellent spatiotemporal resolution.
Therefore, a direct measurement of NAD(P)H can be used for providing insight of glucose
metabolism and ROS.

Microencapsulated rat islets, under normoxia (21% O,) and 14 mM glucose, demonstrated a
mean NAD(P)H change of 110.34% + 0.64. Under hypoxic conditions, NAD(P)H changes
were 112.54% + 0.40 for 10% O, 113.23 + 0.61 for 5% O, and 114.87% =+ 0.60 for 1% O,
showing gradual increasing NAD(P)H in response to glucose (Fig. 9A) Statistical analysis
showed that there were significant differences when comparing 21% vs. the three hypoxic
groups (p < 0.05 for 10% O, p < 0.01 for 5% O, and p < 0.001 for 1% O,), Additionally,
there was also a statistical difference between 10% O, and 1% O (p <0.05) (n = 65 from
three experiments for each oxygen condition).

CONCLUSION

Herein, the presented novel microfluidics can trap individual microencapsulated islets and
allow for real-time live cell imaging. This device was achieved a high trapping efficacy for
microencapsulated islets (~99%) with minimal physical stress to islets. The integration of

Anal Chem. Author manuscript; available in PMC 2014 December 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nourmohammadzadeh et al. Page 7

the gas modulation allowed for rapid membrane-diffused oxygenation of islet’s at the
microscale-level. This provided a practical tool to study hypoxia on microencapsulated
islets. We further investigated the hypoxia on B-cells and demonstrated that [Ca2*];
signaling, wm, and B-cell redox status in response to insulin secretagogues were impaired
under hypoxia. This is first report on real-time multiparametric imaging of metabolic
changes of microcapsulated islets under hypoxia, a feat previously unachievable using either
hypoxic chambers or existing microfluidic devices. In the future, this device may be used to
improve the long-term function and viability of microencapsulated islets prior to
transplantation, such as intermittent hypoxia preconditioning (IH) or chemical
preconditioning. In a previous study, we successfully applied IH preconditioning (1 min/
1min 5-21% cycling for 1 hr) to diminish hypoxic injury on naked islets and improved islet
insulin secretion?!, Additionally, this array laid out the groundwork for future applications
in the area of islet microencapsulation and may potentially act as a screening tool for
therapeutic screens. One application is to study capsule-islet-macrophage interaction.
Although hypoxia is one of many reasons for islet graft failure, immune rejection and
surface overgrowth (fibrosis) on microcapsule can also play a role. Therefore, it would be
interesting to utilize the hypoxic device with modifications to understand capsule-islet-
macrophage interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematics and photoimage of the three-layer microfluidic array
(A) Schematics of the microfluidic islet array and structure dimension. (B) A photoimage of

the microfluidic array.
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Figure 2. Characterization of microfluidic islet trapping array fluid dynamics

(A) A 2D CFD simulation of flow-velocity inside microchannel and region of capsule
immaobilization site and a closeup view of the velocity distribution and velocity streamlines
around the trapping site. (B) 2D CFD simulation of flow-velocity inside microchannel and
capsule immobilization site when the immobilization site is occupied.
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500 pm I

Figure 3. Thetrapping and immobilization capability of the microfluidic array

(A) An array of artificial air bubbles. (B) An array of empty microcapsules (500 pm size).
(C) An array of microencapsulated human islets (500 pm). (D) A close-view of single
microencapsulated human islet.
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Figure 4. Microencapsulated rat islets show a heter ogeneous [Ca2+]i changesin responseto
glucose and KCI under 21% O»
Eight representative traces of [Ca2*]; of microencapsulated rat islets in response to 14 mM

glucose followed by 30 mM KCI under 21% O, (n = 65 from three experiments).
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Figure5. Microencapsulated rat islets show heter ogeneous yy, changesin response to glucose

and KCl under 21% O»

Eight representative traces of v, changes of microcapsulated rat islets (n = 65 from three

experiments).
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Figure 6. Microencapsulated rat and human islets show heter ogeneous NAD(P)H changes of in
response to glucose under 21% O»

(A) Four representative traces of NAD(P)H changes of microcapsulated rat islets in response
to 14 mM glucose (n = 65 from three experiments). (B) Four representative traces of
NAD(P)H changes of microcapsulated human islets in response to 25 mM glucose (h = 65
from three experiments).
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Figure 7. Hypoxia impaired [Ca2+]i signaling of microencapsulated human idlets
(A) Representative traces of [Ca2*]; of microencapsulated human islets in response to 25

mM glucose under hypoxic concentrations (B) Statistical analysis of [Ca%*]; changes under
hypoxic concentrations (n = 65 from three experiments. *p< 0.001).
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Figure 8. Hypoxia impaired wy, changes of microencapsulated human islets
(A) Representative traces of ym, changes of microencapsulated human islets in response to
25 mM glucose under hypoxic concentrations. (B) Statistical analysis of v, changes under

hypoxic concentrations. n = 65 from three experiments for each oxygen condition.*p <

0.001. **p <0.01.
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Figure 9. Hypoxiaimpaired NAD(P)H levels of microencapsulated rat islets
(A) Representative traces of NAD(P)H of microencapsulated rat islets in response to 14 mM
glucose under hypoxic concentrations. (B) Statistical analysis of NAD(P)H changes under

hypoxic concentrations. n = 65 from three experiments.
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