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Dielectric spectroscopy for monitoring human
pancreatic islet differentiation within cell-seeded
scaffolds in a perfusion bioreactor systemQ1

J. Daoud,a K. Heileman,a S. Shapka,a L. Rosenbergb and M. TabrizianQ2 *a,c

The long-term in vitro culture and differentiation of human pancreatic islets is still hindered by the inability

to emulate a suitable microenvironment mimicking physiological extracellular matrix (ECM) support and

nutrient/oxygen perfusion. This is further amplified by the current lack of a non-invasive and rapid moni-

toring system to readily evaluate cellular processes. In this study, we realized a viable method for non-

invasively monitoring isolated human pancreatic islets in vitro. Islets are induced to dedifferentiate into

proliferative duct-like structures (DLS) in preparation for potential and subsequent re-differentiation into

functional islet-like structures (ILS) in a process reminiscent of islet regeneration strategies. This long-

term in vitro process is conducted within a three-dimensional microenvironment involving islets

embedded in an optimized ECM gel supported by microfabricated three-dimensional scaffolds. The islet-

scaffold is then housed and continuously perfused within chambers of a bioreactor platform. The process

in its entirety is monitored through dielectric spectroscopy measurements, yielding an accurate represen-

tation of cellular morphology, functionality, and volume fraction. This non-invasive and real-time moni-

toring tool can be further manipulated to elucidate important information about the optimized cellular

microenvironment required for maintaining long-term culture and achieve efficient differentiation for islet

regeneration.

Introduction

Islet replacement therapy is an attractive and challenging
avenue of diabetes therapy. However, some major limitations
adversely affect the viability of this approach. The most critical
of them is the inability of pancreatic islets to maintain their
functional viability in vitro prior to implantation. In addition,
the islet mass required to successfully reverse hyperglycemia
in one diabetic patient must be isolated from multiple donor
pancreata. This is in part due to the lack of proliferative capa-
bility of pancreatic islets in vitro.1 An innovative solution is
thus to regenerate viable pancreatic islets from available iso-
lated islet tissue. A potential and attractive pathway for pan-
creatic islet regeneration involves the dedifferentiation of
pancreatic islets into proliferative DLS, capable of multiplying
into various DLS clusters. This is followed by inducing

re-differentiation into functionally viable ILS, thus arriving at
an islet mass sufficient for multiple transplantations. In order
to accomplish this goal, it is important to employ a scaffold
microenvironment for islet culture coupled to a perfusion type
system to ensure high mass and nutrient transfer character-
istics. In addition, a non-invasive monitoring system should
be incorporated in order to provide real-time measurements
indicative of the differentiation progress and cellular processes
occurring within the islet culture bioreactor. In this study,
we hypothesize that pancreatic islets, embedded in a
developed ECM-derived gel within geometrically controlled
scaffolds, may be induced to differentiate within a designed
bioreactor perfusion system whilst incorporating parallel plate
platinum electrodes allowing real-time dielectric spectroscopy
monitoring.

Adequate functioning of implantable human pancreatic
islets depends upon the re-establishment of the cell–matrix
interactions, reduction of islet immunogenicity, and facili-
tation of islet implantation to further improve allograft survi-
val.2 It is therefore imperative to arrive at a three-dimensional
microenvironment, within a tissue bioreactor setting, in order
to emulate physiological conditions. We have successfully
demonstrated in past studies the importance of re-establishing
the basement membrane ECM components for islet survival
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in vitro.3 Moreover, we introduced a geometrically controlled
polymer scaffold system incorporating embedded human pan-
creatic islets within an optimized ECM gel microenvironment,
thus allowing for long-term culture maintaining the cellular
functional viability.4

In addition to arriving at a suitable islet microenvironment,
it is also critical to develop a reactor system in which islets
may be monitored non-invasively to observe cellular processes
of proliferation, differentiation, as well as viability. Recently,
rotary cell culture system (RCCS) bioreactors,5 which simulate
microgravity, have been developed. Simulated microgravity
involves rotating cultured cells by suspending them in bio-
reactors such as the high aspect ratio vessel (HARV). Conse-
quently, cells suspended in the HARV undergo continuous
free-fall at terminal velocity with low hydrodynamic shear
stress, low turbulence, and high mass transfer of nutrients.6–9

However, a major drawback of such a system is its inability to
monitor the islet processes without the need for stopping the
culture process, obtaining samples, and performing invasive,
long and arduous procedures to monitor cellular processes.
Additionally, such systems lack a three-dimensional support
for the cultured islets, which are needed to support and
protect cells and to provide three-dimensional culture con-
ditions in vitro.10–13 To address the lack of islet monitoring
systems, several studies have been performed in order to adapt
real-time biosensing of islets in vitro using primitive micro-
fluidic devices; however they lack the important coupling to a
viable reactor system, as well as a cost-effective, high through-
put method that provides information concerning the morpho-
logical and proliferative state of the islets.14–19 Recently, we
have demonstrated the viability of employing a real-time, non-
invasive monitoring system based on dielectric spectroscopy
which allows for the measurement of epithelial cell prolifer-
ation into cellular clusters and subsequent differentiation into
cyst-like structures – analogous to the desired process of
pancreatic islet differentiation into DLS.20

Dielectric responses of biological cells to radio-frequency
AC fields are mainly due to interfacial polarization in the
heterogeneous structure of cells.21–24 Since the surface and
internal cell membranes are considerably less conductive than
the cytoplasm and the external medium, the membrane topo-
logy plays an important role in interfacial polarization. The
membranes are polarized depending on the frequency of the
applied AC field; therefore, a cell suspension shows dielectric
dispersion, i.e., frequency dependence of complex permittivity
ε* defined as

ε* ¼ εþ κ

jωε0
ð1Þ

where ε is relative permittivity, κ electric conductivity, ε0 the
permittivity of a vacuum, j2 = −1, ω angular frequency defined
by ω = 2πf and f the frequency of the applied AC field. Analysis
of the dielectric spectrum requires modeling of cells. Derived
dielectric parameters may be related to cellular functionality
in response to stimuli25 as well as variations in electrical
properties.26 In addition, dielectric parameters can further be

correlated to cellular differentiation through variations arising
from morphological changes.20,27 For simple cells modeled as
spherical and ellipsoidal shell models, we can use analytical
equations that relate the electric parameters of the cell com-
ponents to the dielectric spectrum; this is accomplished using
previously derived equations based on Maxwell–Wagner effects
such as the single/double shell, vesicle inclusion and compo-
site cell models.21,28,29 However, intricate cellular structures
such as cell cluster spheroids and islets possess complex struc-
tures, for which analytical equations may be limited. Therefore
numerical simulation techniques such as finite element
analysis (FEA) are employed to better characterize the effects
of irregular shapes as well as gap/tight junctions connecting
cell aggregates.28,30–34 They may then be related to appropriate
analytical cell models, employing appropriate thin layer
approximations (TLA),35 to better characterize membrane and
cytoplasmic permittivity/conductivity.

We therefore present an effective strategy for a human islet
in vitro culture system which incorporates the aforementioned
requirements: (i) an ECM microenvironment within a
three-dimensional geometrically controlled, microfabricated
scaffold; (ii) a bioreactor platform that allows for continuous
and controlled media perfusion and nutrient/oxygen transport;
and (iii) the incorporation of a real-time, non-invasive cellular
monitoring system based on dielectric spectroscopy through
changes in dielectric parameters measured across multiple
culture chambers. This makes possible the realization of the
goal of islet long-term culture and differentiation in vitro,
based on the dedifferentiation of islets to proliferative DLS,
thus allowing for their potential and subsequent re-differen-
tiation into functional ILS,36,37 whilst being monitored using a
dielectric measurement system.

Materials and methods
Human islet isolation

Pancreata from adult human cadaveric organ donors were
obtained through the local organ procurement organization,
Quebec Transplant, and were isolated according to established
protocols38 reviewed by the McGill Ethical Committee. Briefly,
following removal of the organ, cold ischemia time was no
more than 8 h prior to islet isolation. The main pancreatic
duct was cannulated and perfused with Liberase HI (Roche
Diagnostics, Montreal, QC). The perfused organ was placed in
a closed system (Ricordi Apparatus) and heated to 37 °C to
activate the enzyme blend. Following the appearance of free
islets in samples, the system was cooled and free tissues were
collected and washed. Tissues were applied to a continuous
density gradient created using Ficoll (Biochrom KG, Berlin,
Germany) in a cell processor (COBE). Free islets with diameters
ranging from 75 to 400 μm, determined to be greater than
80% pure by staining with dithizone (Sigma, St Louis, MO), a
zinc chelator, were collected and washed. IHC to detect the
presence of amylase and cytokeratin was negative, consistent
with the absence of ductal and exocrine tissue.
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Modelling the phases of islet differentiation

Islet differentiation occurs through a two-step mechanism,
which is modeled using the Computer Aided Design (CAD)
model in Fig. 1A. This model employed in the Finite Element
Analysis (FEA) simulation is composed of three overlapping
layers of dodecahedra, possessing 12 faces of 6 sides each
∼10 μm in length, representing cells. The first layer is the
central cell; the second layer is composed of 12 cells adjoined
to each face of the first layer dodecahedron cell; the third layer
represents the 32 outer cells again adjoined to each face of the
second layer dodecahedron cells. This gives a total of 45 cells
representing an islet cellular cluster (phase ‘I’), while the DLS
is represented by only the third outer layer of 32 cells giving
the desired cellular cyst structure (phase ‘II’). Both phases
measure 56 μm in diameter. Fig. 1B shows a cross-section of
adjoined dodecahedron faces, whereby adjacent cells are inter-
connected through 100 nm wide gap junctions and a tight
junction barrier separated by 100 nm representing fenestration
gaps between cells. Schematic representations of pancreatic
islet clusters and differentiated DLS are shown in Fig. 1C and
D, respectively. In addition, the associated numerical cell
models employed to represent islets (Vesicle Inclusion; VI
model) and DLS (Composite Cell; CC model) are given in
Fig. 1E and F, respectively.

Numerical calculation of complex permittivity by FEA

Numerical calculations were performed by FEA using COMSOL
Multiphysics with an AC/DC module (COMSOL, Sweden).
Quasi-electrostatic and time harmonics conditions were
adopted over a frequency range from 1 kHz to 100 MHz. To
reduce computational tasks, we adopted the ‘thin-layer’
approximation that deals with the membrane as an interface
of zero thickness, as described in a previous paper.39 We con-
sider subdomains i and a, corresponding to the cytoplasm and
the external medium, which have complex conductivities of κ*i
and κ*a, respectively. Complex conductivity κ* is simply related
to complex permittivity ε* as κ* = jωε0ε*. The interface between
the subdomains has the impedance of d/κ*m, where d is the
membrane thickness and κ*m is the complex conductivity of the
membrane. The potential distribution was solved under the
following boundary conditions. For the four sides of the cube,
the current density is zero, i.e., electric insulation conditions.
The top and the bottom of the cube have potentials of 1 V and
0 V, respectively. The current density Jm through the interface
between subdomains i and a is given by

�ni�k*irV i ¼ na�k*arVa ¼ Jm ð2Þ

Jm ¼ κm*

d
ðVi � VaÞ ð3Þ

where ni and na are the outward normals to the boundaries of
subdomains i and a, and Vi and Va are the electric potentials
of subdomains i and a at the interface.

The current through the cube is calculated by integrating
the current density over the top or the bottom boundary of the
cube. The current and the applied voltage provide the admit-
tance Y of the cubic system of l × l × l. The admittance is
simply converted to the effective complex conductivity κ* and
complex permittivity ε* as

κ* ¼ jωε0ε* ¼ Y
l
¼ κ þ jωε0ε ð4Þ

Scaffold fabrication

Scaffolds were fabricated according to a previously described
protocol.4,20 Briefly, the plotting material was prepared by
dissolving poly(DL-lactide-co-glycolide) acid (PLGA; 85 mol%
DL-lactide, 15 mol% glycolide; molecular weight of
91.64–141.52 kDa) (Lakeshore Biomaterials, Birmingham, AL)
in methyl ethyl ketone (MEK) (Sigma). Subsequently, the solu-
tion was mixed with 15% w/w of sodium chloride (NaCl) par-
ticles. The NaCl porogen was previously sieved to obtain a
desired particle size distribution (53–63 μm). The optimal con-
centration of the polymer in the solvent was determined based
on the viscosity constraints of the 3D plotter while targeting
optimal syringe deposition. It was found that a 1 : 1 ratio of
PLGA to solvent provided an adequate viscosity without com-
promising the smooth deposition of the paste after incorpor-
ation of the porogen.

Three-dimensional scaffolds were fabricated using an
XYZ bioplotter (Envisiontec, Gladbeck, Germany), previously

Fig. 1 (A) Schematic of the configuration of an islet for FEA comprising
3 layers, composed of dodecahedron geometries representing cells.
First, a central cell containing 12 faces is joined to a second layer of 12
cells, followed by 33 cells at the third layer periphery, giving a total of 46
cells. (B) A cross-section of a dodecahedron adjoining faces sandwich-
ing ECM space, showing the ∼100 nm gap junction, as well as 2 sets of
2 μm tight junctions, with faces separated by 100 nm fenestrations. To
perform the FEA, the process of islet differentiation is described by (C)
phase ‘I’ and (D) phase ‘II’ depicting the islet and DLS, respectively. The
analytical cell models of (E) the vesicle inclusion (VI) and (F) the compo-
site cell (CC) and the respective dielectric parameters are used to
describe the islet and DLS phases, respectively.
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described by Landers et al.40 The PLGA polymer solution was
transferred to the plotting cartridge and was dispensed layer
by layer, forming a 0°/90° strand structure using a CAD file as
a template. The fabricated bricks were 40 × 40 mm-wide and
3.6 mm-thick. Scaffold was punched into 8 mm-diameter,
3.6 mm-thick discs, and then immersed in water at 50 °C for
up to 6 h to extract the salt particles, air-dried for 24 h, and
vacuum-dried for 48 h to allow complete evaporation of the
solvent/water.

Dispensing tips of 250 μm diameter were used to yield a
strand diameter of ∼150 μm at a dispensing speed of 165 mm
s−1.41 The layers were overlaid to give a strand thickness of
120 μm. Fabricated scaffolds possessed a pore size of 400 μm.
The optimal distance between the strands was determined by
targeting a high scaffold effective surface available for cell
attachment, while providing full interconnectivity and a
sufficient pore size for pancreatic islet seeding. The effective
surface of the 3D plotted constructs was determined as a
function of scaffold plotting parameters.

Scaffold preparation and priming

Scaffolds with 400 μm pore size, diameter of 8 mm and thick-
ness of 3.6 mm were exposed to UV light under a laminar
tissue culture hood for 20 min. The scaffolds were then
immersed in 70% ethanol for 5 min, and then washed and
suspended with serum-free CMRL media (Invitrogen, Grand
Island, NY) for 2 h at 37 °C for priming. Scaffolds were then
dried with sterile blotting paper under a laminar tissue culture
hood to prepare for islet seeding.

Reactor design and fabrication

The design of the tissue bioreactor followed perfusion-based
modeling. Poly(methyl methacrylate) (PMMA) was purchased
from McMaster-Carr (Hamilton, Ontario), and the fabrication
process took place in the McGill Biomedical Engineering
machine shop. Machining was performed using a knee-type
Topwell 3VK turret milling machine (Topwell Co., Taiwan) that
has been retrofitted with a Fagor 8040MC (Fagor Automation,
Korea) computer numerical controller (CNC). The bioreactor
dimensions were 100 × 40 mm, composed of a PMMA base,
center, and top. PMMA thermoplastic was chosen due to its
biocompatibility, ease of machining, and transparent nature
that serves to better visualize the sample and media. The base
and top components were 3 mm thick and housed 4 copper
leads (1 mm thick; 5 × 20 mm) and 20 mm-diameter, 1 mm
thick platinum electrodes that were aligned at each end.
Grooves, 0.5 mm in depth, were machined on PMMA surfaces
outlining the position of copper leads and platinum electrodes
in order to facilitate alignment and subsequent bonding.
Loctite all-purpose epoxy glue (Henkel AG & Company,
Germany) was used to permanently bind metal components to
plastic and avoid delamination. The center was 6 mm thick
and housed 4 multiple chambers 5 mm in diameter for islet
culture within the post-processed scaffolds. The 4 multiple
chambers allow for parallel replicate experiments to be per-
formed. Each chamber possessed a unique inlet/outlet that

was perfused via 1 mm-diameter channels. Individual
perfusion and outlet channels were selected in order to avoid
cross-contamination between samples. A schematic of the
reactor is shown in Fig. 2A. The electrodes were carefully
plated with platinum black to reduce the parasitic capacitance
due to the electrode polarization.42–44

Islet cell seeding and culture

Human islets were suspended in an optimized ECM milieu
that is detailed in an earlier paper.4 Briefly, islets were sus-
pended in 4 mg ml−1 type I rat tail collagen supplemented
with 100 μg ml−1 of fibronectin and collagen IV (BD Bio-
sciences, San Jose, CA). The suspension was then neutralized
with a 3 : 2 ratio of 10× Waymouth media (Sigma Aldrich, Oak-
ville, Ontario) and 0.34 N NaOH (known as neutralization solu-
tion), respectively, to induce gelling. The seeding technique
used is known as cell-gel seeding,45 which provides a uniform
cell distribution. Scaffolds were placed in 48-well pates, and
then seeded through the immersion with 350 μL of the neu-
tralized gel suspension containing 500 IEQ (Islet Equivalents).

Fig. 2 Design schematic of the electrode-equipped bioreactor system
employed in this study for dielectric spectroscopy monitoring of
scaffold-based islet differentiation. (A) Outline of the components and
arrangement comprising the four chambered perfusion-based bio-
reactor system showing the culture chambers sandwiched between
platinum measurement electrodes with the respective copper leads. (B)
Diagram of the perfusion bioreactor system set-up with media reservoir
enclosed within a CO2 incubator, as well as peristaltic pump and impe-
dance analyzer configuration.
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Following neutralization, the islets were transferred to
different wells of the reactor, leaving one well for a scaffold
seeded with an ECM mixture without islets, serving as a nega-
tive control. The reactor was placed inside a small CO2 incuba-
tor and perfused continuously with serum-free DMEM/F12,
containing Cholera Toxin (CT) (Sigma Aldrich, Oakville,
Ontario), at a flow rate of 50 μl min−1. This process was contin-
ued for 9 days until the islets have completely transformed
into DLS structures. In order to confirm that de-differentiation
was occurring, and to supplement the dielectric data, a
scaffold was sacrificed every day in order to obtain microscopic
images. At day 9, the complete transformation into DLS
should be accomplished. The set-up of the continuous culture
experiment is shown in Fig. 2B.

Dielectric measurements

At 24 hour intervals, dielectric spectra for capacitance and con-
ductance were carried out using an Agilent 4294a impedance
analyzer (Palo Alto, CA) at 300 mV and the collected data were
converted to permittivity and conductivity values. Throughout
the islet differentiation process, the measured values were ana-
lyzed and fitted to analytical Effective Media Approximations
(EMAs), as well mathematical cellular models derived from fre-
quency dependent permittivity dispersions described by
Maxwell–Wagner effects. These mathematical models depict
the cellular morphology and volume fraction in order to arrive
at relations accurately describing cellular activity within the
measured scaffolds.

Curve fitting and data analysis

The measured dielectric spectra were characterized using the
Cole–Cole relaxation equation:

ε* ¼ εh þ
Xn
i¼1

Δεn
1þ ðjωτÞβn þ

κl
jωε0

ð5Þ

where n is the number of sub-dispersions, εh the high-
frequency limit of relative permittivity, Δε the relaxation inten-
sity, τ the relaxation time (τ = 1/(2πfc), where fc is the character-
istic frequency), κl the low-frequency limit of conductivity, and
β is the Cole–Cole parameter (0 < β ≤ 1). The relaxation para-
meters Δε, τ or fc, εh and κl were obtained by fitting eqn (5) to
the dielectric spectra. The electrode polarization effect was cor-
rected using the function described in a previous paper.46 The
curve-fitting was performed by the non-linear least-squares
optimization with the Levenberg–Marquardt algorithm,
implemented in MATLAB software (Natick, MA). After correc-
tion for the electrode polarization effect, the dielectric spectra
were analyzed using theoretical models based on interfacial
polarization (or the Maxwell–Wagner polarization). According
to the phases of islet differentiation, VI and CC models
(Fig. 1E and F) were adopted in order to elucidate cellular
characteristics such as cell membrane capacitance.

We hypothesize that the islet resembles a spherical shell
structure in which the intershell space is populated by spheri-
cal aggregates; the islet outer shell is composed of inter-

connected membranes of cells on the periphery that are in
contact with the extracellular matrix. The VI model as shown
in Fig. 1E is therefore employed, where the islet is regarded as
a shell enclosing many inner spherical inclusions or cell aggre-
gates that are connected with tight junctions. The equivalent
homogeneous complex permittivity of the islet cell aggregate
ε*p is given by the Maxwell–Wagner relation:

εp* ¼ εm*
2ð1� vÞεm*þ ð1þ 2vÞεi*
ð2þ vÞεm*þ ð1� vÞεi*

ð6Þ

where subscripts m and i of ε* denote the membrane and the
interior, while v = [R/(R + dm)]

3 in which R is the islet aggregate
radius and dm is the thickness of the outer shell, or the equi-
valent of the membrane thickness of the islet peripheral cells.
The complex permittivity of the aggregate interior, ε*i , is com-
posed of a mixture of inner spheres described by the Hanai–
Asami–Koizumi EMA:

εi*� εv*

εti*� εv*
εti*

εi*

� �1=3

¼ 1� Pi ð7Þ

where Pi is the volume fraction of cells within the aggregate
and subscript ti denotes the intershell space between cells.
It is imperative to use HAK EMA, since it best describes a
mixture equation that incorporates far-field interactions
between spherical particles; thus it is most appropriate to be
applied to high volume fraction suspensions. The complex
permittivity of the inner cells, ε*v, is given by:

εv* ¼ εvm*
2 1� v2ð Þεvm* þ 1þ 2v2ð Þεvi*

2þ v2ð Þεvm*þ 1� v2ð Þεvi* ð8Þ

where subscripts vm and vi denote the membrane and the
cytoplasm of the individual cells within the islet aggregate,
while v2 = [Rv/(Rv + dvm)]

3 in which Rv and dvm represent
the radius and membrane thickness of the inner cells,
respectively.

We further hypothesize that the DLS structure is composed
of an outer shell and an inner concentric sphere representing
the lumen. The CC model as shown in Fig. 1F is therefore
employed, where the intershell space contains a single layer of
epithelial cell aggregates connected through tight junctions,
thus forming a cystic structure. The interconnected cell mem-
branes thus form both the outer and inner shells, bordering
both the periphery and the lumen. As in the VI model, the
cystic DLS is described by the complex permittivity in eqn (6).
However, in the CC model (Fig. 1F), the complex permittivity
of the interior, ε*i , is composed of an inner concentric sphere
(ε*r) and cell aggregate layer of the intershell space (ε*si):

εi* ¼ εsi*
2 1� v2ð Þεsi*þ 1þ 2v2ð Þεr*
2þ v2ð Þεsi*þ ð1� v2Þεr* ð9Þ

with the equivalent complex permittivity ε*r of the inner
membrane-covered core sphere, or lumen, given by:

εr* ¼ εrm*
2 1� v3ð Þεrm* þ 1þ 2v3ð Þεri*
2þ v3ð Þεrm* þ 1� v3ð Þεri* ð10Þ
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where subscripts of si, rm and ri of ε* refer to the intershell
region between the outer and inner spheres, the inner shell
and the inner sphere space or lumen, respectively, while v2 =
[(Rr + drm)/R]

3 and v3 = [Rr/(Rr + drm)]
3 in which Rr and drm rep-

resent the radius and thickness of the inner shell, containing
the lumen. Since the intershell space is composed of a densely
packed interconnected cell layer, the HAK EMA is once again
utilized to yield ε*si:

εsi*� εv*

εti*� εv*
εti*

εsi*

� �1=3

¼ 1� Pi ð11Þ

where Pi is the volume fraction of cells within the cyst and sub-
script ti denotes the intershell space between cells. The
complex permittivity of the inner cells, ε*v, is given by:

εv* ¼ εvm*
2 1� v4ð Þεvm* þ 1þ 2v4ð Þεvi*
2þ v4ð Þεvm* þ 1� v4ð Þεvi* ð12Þ

where subscripts vm and vi denote the membrane and cyto-
plasm of the individual cells within the intershell space, while
v4 = [Rv/(Rv + dvm)]

3 in which Rv and dvm represent the radius
and membrane thickness of the cells, respectively.

In the case of islet and DLS clusters – described by VI and
CC models, respectively – the outer shell (ε*m) represents the
basement membrane matrix, composed of ECM proteins, at a
thickness of 50 nm,47,48 while assuming the same dielectric
parameters as the surrounding media (ε*a), intershell space
(ε*ti), and cell cytoplasm (ε*vi). The inner shell (ε*rm) in the CC
model of DLS also assumes basement membrane character-
istics equal to the ε*m outer shell – applying as well the same
parameters to the inner sphere lumen (ε*ri). These equivalence
relations can be summed up as:

ε*m;rm ¼ ε*a;ti;vi;ri ð13Þ

When the VI and CC models are suspended in the medium
of ε*a at a low volume fraction P, the complex permittivity of the
suspension ε* becomes

ε* ¼ εa*
2ð1� PÞεa*þ ð1þ 2PÞεp*
ð2þ PÞεa*þ ð1� PÞεp* ð14Þ

which is defined as the Pauly–Schwan (PS) equation (Pauly and
Schwan, 1959), at overall volume fraction P.

Immunofluorescence

The morphology of the human islets was observed using phase
contrast microscopy and confocal microscopy. Samples were
prepared as previously described.49 Briefly, samples were fixed
in 4% formalin for 30 min at room temperature. Fixed struc-
tures were washed with PBS–glycine (130 mm NaCl, 7 mm
Na2HPO4, 100 mm glycine) three times for 10 min each. The
structures were then blocked in IF buffer (130 mm NaCl, 7 mm
Na2HPO4, 3.5 mm NaH2PO4, 7.7 mm NaN3, 0.1% bovine
serum albumin, 0.2% Triton X-100, 0.05% Tween 20) plus 10%
goat serum (Invitrogen) for 1 h at room temperature. This was
followed by a secondary block with IF buffer containing 10%

goat serum and 20 μg of goat anti-mouse F(ab′)2 (Jackson
Immunochemicals, West Grove, PA) for 1 h. Primary anti-
bodies were diluted in secondary blocking buffer, followed by
incubation overnight at 4 °C. The primary antibodies used
were guinea pig anti-insulin (1 : 100) and rabbit anti-CK19
(1 : 500). Samples were washed three times in IF buffer for
20 min each. Cy3-conjugated anti-guinea pig and FITC-conju-
gated anti-rabbit secondary antibodies (Abcam, Cambridge,
MA) were diluted (1 : 500) in IF buffer containing 10% goat
serum, followed by incubation for 1 h. After washing three
times with IF buffer (20 min each), structures were incubated
with 0.5 ng ml−1 of Hoechst 33342 (Molecular Probes). A final
rinse with IF for 5 min at room temperature was followed by
mounting with the anti-fade prolong (Molecular Probes) and
allowed to dry at room temperature. Confocal analysis was per-
formed by using the Zeiss LSM 510 confocal system. Images
were generated by using Zeiss AxioVision software.

Statistical analysis

The number of biological replicates is n = 5 for all experiments
performed. Statistical significance was determined by one-way
ANOVA with a post hoc Bonferroni’s test or a paired Student’s
t test, where applicable. Differences were considered signifi-
cant when P < 0.05 or less. Data fitting to the Cole–Cole
relation in eqn (5) possessed an R2 value of >0.99, while fitting
of dielectric spectra to analytical cell models produced an R2

value of >0.95.

Results and discussion
FEA simulation of islet differentiation

Prior to performing characterization of islet differentiation by
dielectric spectroscopy, it is important to examine the theore-
tical relaxation curves calculated from models at the differen-
tiation phases in Fig. 1C–F in order to determine whether the
phases exhibit markedly different dielectric responses that are
easily distinguishable. The model of phase ‘I’ corresponds to
the pancreatic islet cell cluster, whereas the model of phase ‘II’
represents the DLS cystic structure, with adjacent cells con-
nected to each other with gap/tight junctions, possessing a
spherical lumen at the center enclosed by connected cells. The
porosity of cell clusters within the islet and DLS was assumed
to be 5%, in the range simulated in the literature for diffusion
kinetics within islets.50 Assigning VI and CC models for islets
(phase ‘I’) and DLS (phase ‘II’), respectively, FEA calculations
were carried out with the following parameter values: P =
0.0585, Pi = 0.95 εm = εa = εti = εvi = 80, κm = κa = κti = κvi =
1 S m−1, εvm = 5, and κvm = 0 S m−1 for phase ‘I’. In addition,
the radii of individual cells and the overall aggregate are Rv =
5 μm, and R = 28 μm, respectively, while the membrane thick-
ness of the individual cells in the model is dvm = 5 nm. The
thickness of the basement membrane shell surrounding the
islet cluster is d = 50 nm. For phase ‘II’, parameter values are
as follows: P = 0.0585, Pi = 0.95, εm = εrm = εa = εi = εvi = εr = 80,
κm = κrm = κa = κi = κvi = κr = 1 S m−1, εvm = 5, and κvm = 0 S m−1.
Finally, the radii of the individual cells, the inner lumen and
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the overall cyst are Rv = 5 μm, Rr = 20 μm, and R = 28 μm,
respectively; the membrane thicknesses of the cyst, the inner
membrane surrounding lumen, and individual cells is dvm =
5 nm. The thicknesses of the basement membrane shell and
the inner shell are d = drm = 50 nm. Dielectric parameters for
permittivity and conductivity were obtained from values com-
monly used for FEA simulations of biological media.21

Fig. 3A and B show the permittivity and conductivity
spectra of the two phases. It is clear that the permittivity and
conductivity spectra of phases ‘I’ and ‘II’ can be easily dis-
tinguishable from each other, exhibiting distinct relaxation
spectra, containing two β sub-dispersions. The low frequency
(LF) sub-dispersion is caused by the presence of gap junctions
connecting most cell membranes. This was shown to be attrib-
uted to charge density accumulation resulting from gap junc-
tions as well as far-field interactions between closely adjacent
faces.30,31 The high frequency (HF) sub-dispersion on the
other hand is caused by the inner cell mass of the islet. This is
due to the high volume fraction occupied by the cell aggre-
gates, and the respective resulting cell–cell interactions. The
presence of very distinct and broad LF and HF sub-dispersions
– resulting from gap junction charge density accumulation

and cell–cell interactions, respectively – among larger, highly
dense cell clusters is in contrast to smaller cellular epithelial
aggregates where the minimal presence of gap junctions may
not have a considerable contribution in the presence of the
larger effects of tight junctions and interfacial interactions
between adjacent cells as demonstrated before.20 It is also of
interest to note that the effect of the lumen in phase ‘II’ on
dielectric spectra is more significant than in past studies,
largely due to the significantly larger size of islets and DLS
compared to epithelial cystic differentiation.20

It is also important to note the LF and HF shifts in the
dielectric spectra and sub-dispersion between the two phases,
with the phase ‘II’ cystic DLS clearly showing a broadening
shift in the HF dispersion indicative of the absence of an inner
cell mass, signifying cell death and the presence of a lumen.

Simplification of cell models for characterizing islet
differentiation

In order to examine the feasibility of analyzing the phases of
islet differentiation (Fig. 1C and D) to cystic DLS structures,
FEA simulations were conducted and compared to analytical
values obtained for corresponding cell models (Fig. 1E and F).
The results of this fitting analysis are presented in Fig. 4A and
B for phase ‘I’ (pancreatic islet cluster) and phase ‘II’ (DLS
cyst), respectively. The islet cell cluster phase ‘I’ in Fig. 1C
involves cellular aggregates that are connected by gap/tight
junctions, thus forming a single shell – composed of basement
membrane proteins – encompassing an area with a character-
istic εi and κi, representing the dielectric constants of the
enclosed cellular aggregates (Fig. 1E). The parameters for the
FEA modeling were the same as those used for “Phase ‘I’ –
Islet Cell Aggregate” in Fig. 3A and B. For the analytical model,
the VI model employed in Fig. 1E was assumed using the
equivalent parameters identical to those used in the FEA simu-
lation. The outer shell of the model, representing the base-
ment membrane surrounding islet clusters, was assumed to
possess the same dielectric parameters as the intershell space
and cell cytoplasms. As shown in our previous studies, the
presence of a basement membrane with high conductivity as
the surrounding media and cytoplasm does not elicit a distinct
or significant dielectric dispersion response.20 An EMA of PS
was used to describe the spherical shell enclosing the overall
cell aggregate suspension, characterized by εi and κi, obtained
through an HAK EMA to describe the high volume fraction cell
aggregate mixture. The results presented in Fig. 4A show an
overlapping fit of the HF sub-dispersion using the VI analytical
model presented. In terms of the error margin in permittivity
and conductivity, the analytical model succeeds in characteriz-
ing the HF sub-dispersion, and provides a fairly accurate rep-
resentation of the relaxation caused by the cell aggregates.
Since the LF sub-dispersion is caused by the presence of a gap
junction, it is thus not represented by the analytical cell model
curve. Moreover, the slight deviation from the FEA simulations
at the HF sub-dispersion is certainly attributed to the effects of
the tight junctions, the complex cell geometry which does not
equivalently translate to spherical structures, as well as the

Fig. 3 FEA simulations showing (A) the relative permittivity and (B) con-
ductivity of the islet differentiation process using the geometrical cell
aggregate and cyst representing islets (phase ‘I’) and DLS (phase ‘II’). The
electrical parameters used in the FEA modeling are described in the text.
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high volume fraction of the inner cell aggregates and the
resulting cell membrane density, all of which are unaccounted
for using the VI model and HAK/PS cell suspension EMA.
However, we can therefore assume HAK/PS relations using the
VI model to represent spherical cell aggregate suspensions
with an inner cell mass connected through tight junctions.

In the case of the second phase ‘II’ of islet differentiation in
Fig. 1D, the cystic DLS is simulated by FEA (Fig. 4B) with the
same parameters used to generate ‘Phase ‘II’ – DLS Cyst’ in
Fig. 3A and B. For the analytical model, the CC model in
Fig. 1F was assumed using the equivalent parameters identical
to those used in the FEA simulation. An EMA of PS was used
to describe the spherical shell enclosing the overall cell aggre-
gate suspension, characterized by εi and κi values identical to
islet cell aggregate phase ‘I’ in Fig. 4A, obtained through an
HAK EMA used to describe the high volume fraction cell aggre-
gate mixture in the intershell space. The simulation results
shown in Fig. 4B, overlapped accordingly with the spectra
obtained through the CC analytical model, with the similar
slight deviations arising from similar factors to those
described for Fig. 4A. We can therefore also assume that the
inner cells and overall cyst suspensions of phase ‘II’ are well
described using the CC analytical cell model and HAK/PS EMA
for both conductivity and relative permittivity.

Dielectric monitoring of islet differentiation

Following electrode polarization correction and data fitting to
the Cole–Cole equation (eqn (5)), the permittivity and conduc-
tivity of the islet-scaffold system were obtained. The dielectric
spectra are shown for days 1 and 9 corresponding to the islet
transformation stages from the islet to DLS (Fig. 5A) as it
could be revealed by the corresponding light microscope
images showing the islets and DLS embedded within the
scaffold pores (Fig. 5B). Following a very similar trend to that
observed in the FEA simulations of Fig. 3, the pancreatic islets
and DLS displayed two visible sub-dispersions that were very

Fig. 4 Comparison of FEA simulations for islet differentiation phases
with analytical calculations of VI and CC models. Simulations for (A)
phase ‘I’ islet cell aggregate and (B) phase ‘II’ DLS cyst are compared
with theoretical curves from VI and CC models, respectively. The electri-
cal parameters used for VI and CC models are described in the text.

Fig. 5 (A) Relative permittivity and conductivity of islet differentiation
within the ECM gel–scaffold microenvironment in the bioreactor
system. The cystic transformation of the islets into DLS is monitored and
measurements are shown for days 1 and 9. (B) The corresponding light
microscopy images showing the islet at day 1 and DLS at day 9
embedded within the ECM–gel scaffold (scale bar = 100 μm). (C)
Table showing the dielectric parameters of islet and DLS phases
obtained through Cole–Cole fitting of eqn (5).
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clearly distinguishable according to the respective capacitance
and conductance measurements, with a lower permittivity
shift in the LF dispersion and a broad permittivity shift in HF
dispersion as the islets are continuously monitored through
the differentiation process to DLS. The broadening of the HF
dispersion from day 1 to 9 is characteristic of inner cell death
that occurs with cyst formation. This finding correlates closely
with the FEA analysis in Fig. 3, as well as proof-of-concept
studies of epithelial cystic transformation.20

The findings from the permittivity and conductivity data for
the cell-seeded scaffolds clearly show that the differences
between the various structures are easily discernable. This is
confirmed through the dielectric relaxation parameters
obtained from fitting to the Cole–Cole relation (eqn (5)), given
in Fig. 5C. The obtained dielectric parameters may be utilized
as distinct ‘cell signatures’, representing phenotypic character-
istics of a specific stage in islet differentiation to DLS. This
may be further exploited to establish a controllable and easily
monitored cellular process for islet regeneration, by potentially
realizing the goal of regulating the differentiation of isolated
human islets to proliferative DLS, followed by regeneration
and re-differentiation into a large mass of ILS suitable for
multiple transplantations.

Using the FEA tested analytical cell models in Fig. 4, it is
possible to apply the Maxwell Wagner approximations for VI
and CC models to determine parameters associated with islet
and DLS phases, respectively. Firstly, as shown in Fig. 5C, the
dielectric parameters for the β-dispersions are obtained by
fitting the permittivity spectra into the Cole–Cole relation of
eqn (5). The dielectric spectra of the islets within the ECM gel–
scaffold system is then used in the VI and CC models in order
to obtain the corresponding permittivity of the islets and DLS,
respectively, as well as those of the inner cell inclusions. As
discussed earlier, only the HF sub-dispersion – resulting from
cell aggregates joined by tight junctions – is taken into
account, as LF sub-dispersions arising from gap junctions may
not be represented by analytical cell models and the respective
curve-fitting. Using confocal microscopy at the initial and end
points of the experiment, an appropriate volume fraction,
P, was obtained for both phases. This was determined to be
P = 0.028. Also, an inner volume fraction of cell aggregates, Pi =
0.95, was assumed for both VI and CC models.

As outlined earlier, the outer shell in the VI/CC and the
inner shell of the CC model were assumed to represent the
basement membrane; the dielectric parameter of which was
assumed to be equivalent to the highly conductive suspending
media, the intershell space between cells, as well as the cyto-
plasm of cells within the aggregate. The permittivity of the
inclusions is then used to derive the values of the membrane
capacitance and conductivity – Cvm and κvm, respectively – of
individual cells in the islet and DLS aggregates. These values
were derived for the islet (day 1) and DLS (day 9) phases using
the VI and CC models described by the Wagner approximation
in Fig. 1E and F and eqn (6)–(14). Fig. 6A and B shows the cor-
relation between the islet and DLS phases evaluated at days 1
and 9 fitted against spectra obtained using the VI and CC

models, respectively. It is important to note the high corre-
lation and low variance between the fitted and observed data
for the cell permittivity and conductivity spectra at the HF sub-
dispersion of interest. Fig. 6C shows the corresponding mem-
brane capacitance values, which were calculated to obtain the
fits in Fig. 6A and B.

It is interesting to note that the membrane capacitance of
the islet structure differs markedly from that of the DLS, thus
suggesting that the variation of electrical properties between
islets and DLS cysts is directly correlated to the morphological
and phenotypic shifts that occur as a result of differentiation.
To better explain the decrease in membrane capacitance in
biophysical terms from the islet to DLS individual cells, some
parallels may be drawn with literature reports analyzing the
electrical properties of neurons. This is due to shared charac-
teristics in terms of electrical excitability and subsequent bio-
chemical modulation. As mathematically described by the
Hodgkin–Huxley cell membrane electric model,51 myelinated
neurons possess a lower membrane capacitance due to the
reduced number of ion channels, thus lowering the channel
density, and/or increasing the spacing between channels.52–55

This is analogous to the reduced membrane capacitance
observed as electrically actuated endocrine cells within the
islets – containing a relatively high density of membrane
bound ion channels required for hormone modulation –

Fig. 6 Fitting of the (A) day 1 islet and (B) day 9 DLS measurements to
the analytical VI and CC models, respectively. (C) Table showing the
obtained membrane capacitance and conductivity of the inner cells, Cvm

and κvm, respectively, of the day 1 islet and day 9 DLS.

Analyst Paper

This journal is © The Royal Society of Chemistry 2015 Analyst, 2015, 00, 1–11 | 9

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55



differentiate into epithelial cells comprising DLS. Further con-
tribution to the decrease in membrane capacitance can be
attributed to the increased level of actin filaments in the DLS
cytoskeleton – required for maintaining phenotypic and mor-
phological integrity. This relation has been demonstrated in a
recent study through dielectrophoretic monitoring of epithelial
cancer cell progression.56 Moreover, the associated increase in
membrane conductivity may be attributed to a relatively higher
activity of the less dense ion channels occurring in epithelial
cells of the DLS. The activity of these ion channels is essential
to the maintenance of a polarized cystic structure and associ-
ated osmotic homeostasis.57 This phenomenon has also been
observed in a biophysical study of hepatocytes analyzing the
conductance variation resulting from osmotic swelling.58

We must also note however the tentative nature of these
values, since analytical cell models are currently not optimized
to take into account LF sub-dispersions arising from gap junc-
tions, as well as minor variations in HF sub-dispersions result-
ing from complex geometries as well as considerable cell–cell
interactions caused by tight junctions and closely adjacent
faces. Therefore, mathematical model optimization must be
performed to arrive at more accurate reflections of cell mem-
brane capacitance. However, despite the possible error in cell
membrane calculations owing to the shortcomings of analyti-
cal models, this rapid method provides a very useful tool for
analyzing and monitoring cellular differentiation processes
within scaffold systems in a bioreactor setting, further provid-
ing a viable potential platform for observing, screening and
regulating islet – and other tissues – differentiation, prolifer-
ation and regeneration.

Confocal microscopy was also employed in order to evaluate
the islet to DLS to ILS transformation, in order to further
confirm the viability of the transformation process. Fig. 7
shows the insulin and cytokeratin-19-marker content of the
structures at days 1, 4 and 9. Insulin content provides insights

into the islet-like cyto-architecture of the structures, while
CK19 is used as an epithelial cell marker used to identify the
process of cystic transformation. These results complement
those obtained with the permittivity measurements, in that
the morphological characteristics directly correlate with the
observed spectra.

Conclusions

In this study, we demonstrate a tissue bioreactor culture
system, which allows for the culture and differentiation of
human pancreatic islets embedded in an optimized ECM
matrix within a geometrically controlled microfabricated
scaffold. In addition, the cellular processes are monitored by a
noninvasive method employing dielectric spectroscopy tech-
niques. The results of these studies clearly demonstrate the
efficacy of this approach, and the positive effects of all
principles used in concert. The implementation of an online
monitoring system not only provides accurate information
concerning the morphological characteristics of cells and the
associated volume fraction, but also provides valuable insights
into the dielectric parameters that can be used as an
additional tool for evaluating cellular behavior.
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