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Transplantation of pancreatic islets into subcutaneous, neovascularized devices is one of the possi-
bilities explored as part of our search for a cure of diabetes. We have recently reported that syn-
geneic transplantation in a subcutaneous prevascularized device can restore euglycemia and sus-
tain long-term function in rats and that explanted grafts showed preserved islets and intense
vascular networks. Because all of the transplanted tissue is localized within the device, if such a
bioartificial pancreas approach is used, localized immunosuppression might provide sufficient protec-
tion against rejection to achieve long-term function, while also avoiding the serious systemic side
effects and the susceptibility for opportunistic infections that are commonly associated with systemic
immunosuppressive therapies as only much smaller and localized doses are needed. Soft steroids
are obvious candidates because soft drugs are specifically designed to produce targeted local activ-
ity, but no systemic side effects due to prompt metabolic (preferably extrahepatic, e.g., hydrolytic)
inactivation. However, local concentrations that are effective for immunosuppression, but non-toxic to
insulin-producing b-cells have to be found, and nontrivial difficulties related to long-term local deliver-
ability have to be addressed. Here, we report preliminary results obtained using in vitro studies with
human islets used to establish a tentative therapeutic concentration range together with fully scaled
three-dimensional finite element method (FEM)-based Comsol multiphysics computational models
that were used to explore various possibilities to achieve and maintain these concentration levels
within the device.

1. Introduction

1.1. Background

Transplantation of pancreatic islets (islets of Langerhans)
can normalize metabolic control in patients with type 1
diabetes in a way that has been virtually impossible to
achieve with exogenous insulin, but because of the life-
long immunosuppression required, the procedure is cur-
rently limited to the most severe forms of diabetes (Pi-
leggi et al. 2006a, 2004; Ricordi 2003; Ricordi and Strom
2004). During recent years, various extravascular bioartifi-
cial pancreas approaches with encapsulated (immunoiso-
lated) or non-encapsulated islets have been proposed as
suitable sites for islet grafts; critical features common for
all devices were ease of implantation, biopsy, and retrie-
val, while allowing for sustained graft function (Colton
1995; Kizilel et al. 2005; Knight et al. 2006; Narang and
Mahato 2006; Pileggi et al. 2006b). Along these lines, is-
let transplantation into a subcutaneous, neovascularized
device is one of the most promising therapeutic options
we are currently pursuing as part of our search for a cure
of diabetes (Pileggi et al. 2006a; Ricordi and Strom
2004).

1.2. Islet-containing biohybrid devices (rat model)

Recently, we have shown that reversal of diabetes and main-
tenance of normoglycemia is possible in chemically dia-
betic rat recipients by syngeneic islet transplantation in a
subcutaneous, neovascularized device (Pileggi et al. 2006b).
The biocompatible device consisted of a cylindrical stain-
less-steel mesh with removable polytetrafluoroethylene
(PTFE) stoppers at each of its two ends and was implanted
40 days prior to islet transplantation to allow embedding by
connective tissue and neovascularization. This approach
consistently led to islet cell survival, early graft vasculariza-
tion (10 days after implant), and supported long-term (> 5
months) survival and function of pancreatic islets, which are
particularly susceptible to hypoxia at the unfavorable subcu-
taneous implantation site. After islet transplantation, non-
fasting blood glucose levels returned to physiological
ranges (< 200 mg/dL) and remained stable long-term simi-
lar to the control receiving intrahepatic islet grafts. Ex-
planted grafts showed well-preserved islet structures em-
bedded in connective tissue and intense vascular networks.
Upon removal of the graft-bearing devices, hyperglycemia
promptly resumed in all animals, demonstrating that long-
term glycemic control was due to the transplanted islets.
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1.3. Feasibility of local immunosuppression with steroids

One of the possible, but, as of today, yet unexplored advan-
tages of a bioartificial pancreas is that the confinement of
transplanted tissue within the device allows the implementa-
tion of localized immunosuppression, which might provide
sufficient protection against rejection and allow long-time
maintenance of function, while also avoiding the serious
systemic side effects commonly associated with systemic
immunosuppressive therapies (i.e., increased susceptibility
to opportunistic infections). If a locally active therapeutic
agent or a combination of therapeutic agents can be found,
therapeutically active concentration levels need to be main-
tained only within the device and its surrounding (through
some form of local delivery). This would make possible the
use of much smaller doses than those required in a corre-
sponding systemic administration, thus reducing or prevent-
ing the untoward side effects associated with long-term sys-
temic immunosuppression.
The feasibility of local immunosuppression, including lo-
cal immunosuppression with corticosteroids, has been
shown in a number of cases. For example, local budeso-
nide showed beneficial effects in rat models of liver (We-
ber et al. 1997) and intestinal transplantation (Ozcay et al.
1997). Selective ‘local delivery’ to the graft in these stu-
dies was achieved through the large first-pass effect of or-
ally administered budesonide (Ozcay et al. 1997; Weber
et al. 1997). Furthermore, in a rat model of intrahepatic
islet allotransplantation, intraportal delivery of budesonide
or cyclosporin did not prolong graft survival; however, in-
traportal delivery of tacrolimus did so and was more effec-
tive than intravenous delivery (Wang et al 1995). Topical
corticosteroids in combination with cyclosporine allowed
long-term survival in rodent skin allografts (Shirbacheh
et al. 1998). The efficacy of local immunosuppression has
also been shown in various rat models with budesonide,
cyclosporine, sirolimus, tacrolimus, 16,16-dimethyl prosta-
glandin E2 (PGE2), anti-T-cell monoclonal antibody, and
15-deoxyspergualin being infused directly into the trans-
planted organ for up to two weeks via an Alzet1 osmotic
minipump implanted in the abdominal cavity (Shirbacheh
et al. 1998). As a related note, even the immune-privileged
status of the eye for cell transplantation has been attributed
to the elevated free hydrocortisone (cortisol) levels ob-
served in the eye (�10 ng/mL ¼ �30 nM in the aqueous
humor) due to low corticosteroid-binding globulin (CBG)
concentrations here. These cortisol concentrations appeared
adequate to suppress immune responses being sufficient to
inhibit one-way mixed lymphocyte reactions (MLR) as
well as antigen presentation (Knisely et al. 1994).
With local delivery, the highest drug concentrations are
likely to be within the device; therefore, islets are directly
exposed to the potential diabetogenic effects of some of
these agents. Impaired glucose metabolism (Fernandez
et al. 1999) and post-transplant diabetes mellitus (PTDM)
(First 2003) are common in patients receiving systemically
chronic therapy with calcineurin inhibitors (CNI; cyclo-
sporine and tacrolimus). The deleterious effects of systemic
administration of CNIs on islet graft function have been
recognized (Alejandro et al. 1989, 1988; Ricordi et al.
1992). Administration of systemic glucocorticoids in the
peri-transplant period has been associated with the devel-
opment of islet graft dysfunction (Rilo et al. 1994). Also,
systemic immunosuppression with sirolimus has been as-
sociated with impaired islet function and islet cell toxicity
(Bell et al. 2003; Marcelli-Tourvieille et al. 2007; Zhang
et al. 2006). Interestingly, mycophenolate mofetil and

some of the emerging compounds such as fingolimod and
leflunomide appear to have less of an effect on glucose
metabolism (Egidi 2005). Steroids are also known to pro-
duce whole-body insulin resistance when administered
systemically for longer periods and to exacerbate diabetes
(Qi and Rodrigues 2007). However, this should not be a
problem with local delivery as much lower levels are
available systemically, especially if insulin resistance is
mainly due to suppression of glucose transport (Pagano
et al. 1983; Sakoda et al. 2000). Therefore, for such an
approach to be effective, not only locally active agents
have to be identified, but the nontrivial problems of deli-
vering them locally and maintaining them at concentration
levels that are immunosuppressive, but non b-cell toxic
have to be solved.

1.4. Soft corticosteroids

Accordingly, soft steroids such as loteprednol etabonate
(LE) are obvious candidates for local immunosuppressive
agents. Corticosteroids are the most widely used class of
immunosuppressive agents because of their broad spec-
trum of activity. They exert their main effect by binding to
glucocorticoid receptors (GRs), a member of the steroid-
thyroid-retinoid receptor super-family (Lu et al. 2006), but
they can exert non-genomic effects as well (Maier et al.
2005; Norman et al. 2004), and there is increasing evi-
dence for a physical and functional interaction between
the GR and the T-cell receptor complex underlying the
nongenomic glucocorticoid-induced immunosuppression in
T cells (Löwenberg et al. 2007). Unfortunately, their long-
term systemic use results in a distinctive cluster of side
effects (e.g., Cushing’s syndrome) (Buchman 2001;
Schimmer and Parker 1996), a main reason why steroid-
sparing agents are often employed in clinical practice. Soft
steroids are, therefore, particularly promising as they, as
any soft drug, are specifically designed to produce tar-
geted local activity, but no systemic side effects due to
prompt metabolic (preferably extrahepatic, e.g., hydroly-
tic) inactivation (Bodor and Buchwald 2006; Buchwald
and Bodor 2004). Soft drugs are new, active therapeutic
agents (often isosteric-isoelectronic analogues of a lead
compound) with a chemical structure specifically designed
to allow for predictable metabolism into inactive metabo-
lites after exerting the desired therapeutic effect(s) (Bodor
1984; Bodor and Buchwald 2000, 2003). Therefore, in
most cases, they produce pharmacological activity locally,
but their distribution away from the site results in a
prompt metabolic deactivation that prevents any kind of
undesired pharmacological activity or toxicity. Further-
more, soft drugs should preferably rely on inactivation by
hydrolytic enzymes because rapid metabolism can be
more reliably carried out by esterases (which are ubiqui-
tously distributed) rather than by oxygenases (which are
located mostly in the liver and are subject to inhibition
and induction).
We selected loteprednol etabonate (LE, 1) as our first can-
didate for our application because it lacks serious side ef-
fects and it has been approved by the Food and Drug Ad-
ministration (FDA) as the active ingredient of three
ophthalmic preparations for clinical use (Lotemax1, Al-
rex1, Zylet1) (Bodor and Buchwald 2002; Noble and
Goa 1998). Studies in rabbits (Bodor et al. 1992a) and
rats (Bodor et al. 1992b) have demonstrated that, consis-
tent with its design, LE is indeed active, it is metabolized
into its predicted acidic metabolites AE (2) and A (3,
Scheme), and these metabolites are inactive (Druzgala
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et al. 1991). Here, preliminary results are reported for in
vitro studies with human islets that were used to establish
a tentative therapeutic concentration range and for fully
scaled three-dimensional finite element method (FEM)-
based Comsol multiphysics computational models that
were used to explore various possibilities to achieve and
maintain these concentration levels within the device.

2. Investigations, results, and discussion

2.1. In vitro effects of LE on human islets

To establish potentially non-b-cell toxic local concentra-
tion levels for LE, in vitro pilot studies were performed
with human islets to assess their viability and functionality
(glucose-stimulated insulin release) following incubation
with increasing LE concentrations. Islets were isolated
with the automated method followed by purification on
density gradients at the Human Cell Processing Facility of
the University of Miami’s Miller School of Medicine, as
described before (Ichii et al. 2005b; Ricordi et al. 1988).
Following one day recovery period in culture, they were
incubated at 37 �C for three days in culture media
(CMRL-supplemented Miami Media-1, MM1: Mediatech)
with LE at initial concentrations of 0 (control), 10, 40,
160, and 640 nM. At the end of the incubation period, the
b-cell content and viability of the islets was assessed with
a recently introduced method that is based on cellular
composition analysis coupled with identification of b-cell-
specific apoptosis at the mitochondrial level through flow
cytometry analysis (Ichii et al. 2005a). The analytical pro-
cedure used (see Experimental section for details) is sum-
marized in Fig. 1 using a set of data obtained here, and
the results obtained are summarized in Fig. 2. They indi-
cate no detrimental effect of LE on viability for the tested
concentrations (� 640 nM); in fact, they even indicate a
slight protective effect, as the percent of live b-cells
seemed to increase somewhat with increasing LE concen-
trations. Because LE is susceptible to hydrolytic degrada-

tion in biological media, evaluatory HPLC assays have
also been performed to assess the LE concentration
change in the islet-containing media during the 72 h incu-
bation period. According to these, LE concentrations de-
crease with a half-life of approximately t1/2 ¼ 36 h in the
incubation media as estimated from comparing the initial
(day 0) and final (day 3) concentrations.
Because corticosteroids (e.g., dexamethasone) might di-
rectly inhibit insulin release by islet b-cells (Lambillotte
et al. 1997; Pierluissi et al. 1986), the effects of LE on islet
functionality were assessed by perifusion experiments con-
sisting of dynamic glucose-stimulated insulin release
(GSIR) tests that can be used to evaluate insulin secretion
in response to stimulation by high glucose as well as total
insulin content (as released in response to stimulation by
KCl) (Cabrera et al. 2006). Results of a preliminary eva-
luation are shown in Fig. 3. A trend for a dose-related in-
hibition is noticeably present: the two lower doses (10 and
40 nM) showed no significant inhibition, whereas, the two
higher doses (160 and 640 nM) showed some inhibition of
the glucose-stimulated insulin release. Our preliminary re-
sults seem to be in agreement with a recent report showing
that a 3-hour preincubaton with dexamethasone at the rela-
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Fig. 1: Summary of the analytical methodology of Ichii and co-workers
(Ichii et al. 2005a) utilized here to assess the viability and apoptosis
of b-cells (shown with a set of cell data obtained here)
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concentrations on the viability of pancreatic cells in human islets



tively high concentration of 1,000 nM resulted in reduction
of GSIR from perifused rat islets by 60–70% (Zawalich
et al. 2006). Considering the activity of LE (and dexa-
methasone), they are expected to produce effective immu-
nosuppression at considerably lower levels (see below), so
that a sufficiently wide local therapeutic concentration-
range still exists.
The dissociation constant, KD, of LE for the glucocorti-
coid receptor (GR) is in the 5 nM range; therefore, its
main GR-mediated effects are expected to take place in
this concentration range. With this KD value, LE is about
1.5, 8, and 15 fold more potent than dexamethasone, pred-
nisolone, and hydrocortisone, respectively (Bodor and
Buchwald 2006; Buchwald 2005). This would suggest an
immunosuppressive IC50 of about 6.0–6.5 nM for its im-
munosuppressive ability as measured by the whole blood
lymphocyte proliferation (WBLP) assay on the basis of
the data of Mager et al. (2003). LE has been shown to
have anti-inflammatory activity similar to dexamethasone
or beclomethasone dipropionate; for example, its IC50 va-
lues for inhibition of endotoxin (lipopolysaccharide, LPS)-
induced release of tumor necrosis factor-a (TNFa) in 1 : 5
diluted human blood and for inhibition of anti-IgE-in-
duced granulocyte-macrophage colony stimulating factor
(GM-CSF) release in dispersed nasal polyp cells are 150 nM
and 18.2 nM, respectively (Szelenyi et al. 2000).
Accordingly, LE concentration levels of 5–500 nM
(2–250 ng/mL) can serve as a first estimate of a therapeu-
tic range that could be immunosuppressive, but not signif-
icantly b-cell toxic.

2.2. Computational drug distribution models

Using this range as a tentative target, fully scaled, three-di-
mensional finite element method (FEM)-based Comsol mul-
tiphysics computational models that incorporate both diffu-
sion/convection and incompressible Navier-Stokes fluid
mechanics application modes were used to explore various
local delivery possibilities that could be used to achieve and
maintain these concentration levels within a model device.
As a device suitable for implantation in small rodents, we
considered a small cylinder of r ¼ 2.150 mm internal radius
and h ¼ 8 mm height. To have a computationally treatable
model, certain strong simplifying conditions had to be intro-

duced: we assumed no physical movement (resting fluid
phase), no active transport due to blood flow within the
chamber (where, at least in the first few days critical for
survival, there is no significant vasculature), and sink condi-
tions (c ¼ 0) along the tissue-embedded walls (where the
existing vasculature can effectively remove any drug that
reaches there). With time, connective tissue and vessels
would grow inside the device; this will affect both diffusion
and flow, and consequently the distribution of the drug.
The resulting model of essentially aqueous liquid in a cy-
lindrical device could be studied at full 3D scale by using
a finite element method (FEM)-based multiphysics model
(Comsol Multiphysics 3.3). Such FEM approaches are de-
signed to solve coupled physics phenomena for problems
based on partial differential equations (PDEs) by “discre-
tization”: the geometry is partitioned into small units of a
simple shape (such as triangles or tetrahedrons for 2D or
3D problems, respectively) (Comsol 2006b). This, coupled
with the multiphysics application mode, allows exploring
not only the simplest, often investigated case of diffusive
solute transport, but also coupled diffusive and convective
transport processes (see Experimental section for a more
detailed description of the pertaining physics models).
Three different possibilities were evaluated for their poten-
tial to achieve the targeted 5–500 nM therapeutic range in-
side the cylindrical bioartificial pancreas-type device: (1)
zero-order (i.e., continuous rate) release from a single,

ORIGINAL ARTICLES

Pharmazie 63 (2008) 3
229

low glucose high glucose (11 mM) low glucose (3 mM) KCI (25 mM) low glucose

0

50

100

150

200

250

300

0                5 10 15 20 25 30 35 40

Time (min)

D
N

A
 n

or
m

al
iz

ed
 in

su
lin

 r
el

ea
se

 [
m

U
/L

 in
su

lin
/µ

g/
L

 D
N

A
]

Control

10 nM, 1

10 nM, 2

40 nM, 1

40 nM, 2

160 nM

640 nM

Fig. 3: A first, preliminary evaluation of the effect of 72 h incubation with
LE at various concentrations on the insulin secretion of human is-
lets as determined in a dynamic perifusion assay. Concentrations
denote initial values estimated from the dilution ratios (LE showed
some hydrolytic degradation over time in the media, see text), and
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Fig. 4: Calculated drug concentrations for zero-order release from a single,
membrane-covered slow-release cylinder (e.g., from a device simi-
lar to Retisert1). Only the approximate therapeutic range of 5–
500 nM is colored in the figures with blue corresponding to lower
and red to higher concentrations (color coding is shown in the
legend on the right on a mol � m–3 scale). Drug release rates are
0.9 (A) and 9 nmol/day (B), but in the second case (B), a local
first rate metabolic degradation with a half-life of 10 min was also
assumed



membrane-covered slow-release tablet (e.g., an implant si-
milar to Retisert1, which can be used for the prolonged
2–3 year ocular release of fluocinolone acetonide) (Fig. 4);
(2) zero-order release from multiple, randomly distributed,
slow-release spherical beads (Fig. 5); and (3) a continuous
liquid infusion through an orifice at one of the ends of the
device (Fig. 6). Preliminary calculations suggested that if
no local metabolic degradation is assumed, a drug delivery
rate of approximately 1 nmol/day (�0.5 mg/day) can pro-
vide adequate coverage inside the cylindrical chamber for

each of these possibilities. All configurations can cover an
acceptable percentage of the device-chamber (i.e., > 67%
of the volume) as indicated by the corresponding figures
(Figs. 4, 5, 6) and as confirmed quantitatively by the corre-
sponding subdomain integrals (data not shown). The multi-
ple spherical bead approach might provide the most uni-
form coverage, but only if the beads can be sufficiently
uniformly distributed and maintained (Fig. 5). In all of
these figures, only the estimated therapeutic range of 5–
500 nM has been colored (with blue corresponding to low-
er and red to higher drug concentrations). The case of the
infusion (Fig. 6) represents a true multiphysics application:
here the diffusion model had to be coupled to the fluid
dynamics model to calculate the velocity field u that re-
sults from the convection. Delivering a solution with a
c ¼ 37 mM concentration through r ¼ 1.0 mm hole with a
continuous rate of 1 mL/h is an entirely realistic possibility
and will result in the needed �1 nmol/day rate providing
adequate coverage. Finally, in one case (Fig. 4B), for ex-
ploratory purposes, local metabolism has been also built
into the model by allowing a first order, extrahepatic hy-
drolytic degradation with a rate corresponding to a half-
life, t1/2, of 10 min [a value observed for the hydrolysis of
LE in rat blood (Bodor et al. 1992b)]. This requires an
increased rate of drug delivery and reduces the percentage
of covered volume (Fig. 4B).
In conclusion, preliminary studies to evaluate the feasibil-
ity of localized immunosuppression with the soft steroid
loteprednol etabonate have been performed. In vitro tests
with human islets suggest that there might be a suffi-
ciently wide therapeutic window of local concentrations
that are effective for immunosuppression, but not yet toxic
even to the sensitive b-cells of the pancreatic islets. FEM-
based multiphysics computer simulations suggest that
these levels can be achieved and maintained by various
realistic methods of continuous local delivery over a suffi-
ciently large percentage of small cylindrical devices suita-
ble for implantation in rodents. Animal studies to confirm
these findings and to establish an adequate dose-range will
be performed.

3. Experimental

3.1. In vitro experiments

3.1.1. Human islet isolation

Islets were isolated at the Human Cell Processing Facility of the Univer-
sity of Miami’s Miller School of Medicine as described before (Ichii et al.
2005b; Pileggi et al. 2004; Ponte et al. 2007; Ricordi et al. 1988). Briefly,
human pancreata were obtained from multi-organ cadaveric donors and
processed with the automated Ricordi method (Ricordi et al. 1988) using
different lots of the enzyme Liberase (Linetsky et al. 1997). The pancreas
is “cannulated” through the duct to allow for the enzyme to distend the
organ. Then, it is placed into the Ricordi chamber1 and is continuously
digested in order to obtain fragments of progressively decreasing sizes
(Pileggi et al. 2004). The enzyme is activated by a heating circuit, and a
continuous flow allows the islets to be collected (Ricordi et al. 1988). Is-
lets are purified using a computerized semi-automated cell processor
(COBE) at a temperature of 4 �C and a Ficol-based density gradient (Ale-
jandro et al. 1990; Ichii et al. 2005b). The highly purified islets are gener-
ally contained in the top layer, while the less pure islets settle on the bot-
tom layers of the gradient.

3.1.2. Islet incubation

Following isolation, islets were cultured at 37 �C in humidified mixed 95%
air 5% CO2 in non-tissue treated flasks with Miami-defined media 1
(MM1; Mediatech) containing 0.5% human serum albumin (Ichii et al.
2007). After 24 h of culture, islets were collected and divided in different
culture conditions (1,500–2,000 IEQ per condition) for incubation with
loteprednol etabonate (LE) at the following concentrations: 0 (control), 10,
40, 160, and 640 nM in MM1 culture media. LE was prepared as a stock
solution of 0.5% (v/v) in ethanol and then further diluted with media to
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Fig. 5: Calculated drug concentrations for zero-order release from multi-
ple, randomly distributed, slow-release spherical beads with a total
drug release rate of 0.9 nmol/day (0.4 mg/day)

Fig. 6: Calculated drug concentrations for a continuous liquid infusion
with a drug delivery rate of 0.9 nmol/day (infusion of a solution
with a c ¼ 37 mM concentration through r ¼ 1.0 mm hole with a
rate of 1 mL/h rate; no degradation assumed). In addition to the
concentration distribution, the total flux streamlines (A) and the
magnitude-scaled velocity field vectors (B) are also shown



obtain a 0.0005% solution, which was then used to prepare the predefined
culture concentrations in each separate flask. After 72 h, islets were col-
lected and processed separately for the two in vitro assessments: b-cell
viability assessment and GSIR (dynamic perifusion stimulation).

3.1.3. Viability assessment

Viability assessment has been performed as described before (Ichii et al.
2005a). Briefly, aliquots of 1500 IEQ were dissociated by resuspending in
1 mL Accutase (Innovative Cell Technologies, Inc., San Diego, CA) in a
15 mL tube, incubating at 37 �C for 10 min, and vortexing gently at the
end. For the assessment of apoptosis, single islet cell suspensions were
incubated for 30 min with a Newport Green (NG) and tetramethyl-rhoda-
mineethylester (TMRE) (Molecular Probes, Eugene, OR) mixture, 1 mM
and 100 nM respectively. NG binds to zinc in the secretory granules of
islet cells, allowing for the definition of cell subsets according to their zinc
content, and thus labeling preferentially b-cells. TMRE selectively binds to
mitochondrial membranes, allowing for the assessment of cells with func-
tional mitochondria, and, therefore, can be used as a marker for cell viabi-
lity; loss of staining is considered an early marker of apoptosis. After
washing with phosphate buffered saline (PBS), cells were stained with
7-aminoactinomycin D (7-AAD; Molecular Probes, Eugene, OR) that
binds to DNA after alteration of cell membrane permeability caused by
cell death. Data presented here (Fig. 2) are average � SD for two experi-
ments. Analysis was performed using CellQuest software on a FACSCali-
bur flow cytometer (Becton & Dickinson Co., Mountain View, CA).

3.1.4. In vitro dynamic perifusion assay

The perifusion experiments consisted of a dynamic glucose-stimulated insu-
lin release (GRIS) test performed using a custom built apparatus (BioRep
Technologies, Inc., Miami, FL). Islets aliquots of 200 IEQ were loaded in
Perspex microcolums, between two layers of acrylamide-based microbead
slurry (Bio-Gel P-4, Bio-Rad Laboratories, Hercules, CA). Krebs buffer with
selected glucose (low ¼ 3 mM; high ¼ 11 mM) or KCl (25 mM) concentra-
tions was circulated through the columns at a rate of 100 mL/min. After
45 minutes of washing with the low glucose solution for stabilization, the
islets were stimulated with the following sequence: 5 min of low glucose,
10 min of high glucose, 15 min of low glucose, 5 min of KCl, and 5 min of
low glucose. Serial samples of 100 mL were collected every minute from the
outflow tubing of the columns, and insulin concentrations were determined
with a commercially available ELISA kit (Mercodia Inc., Wiston Salem,
NC). At the end of the experiments, what was contained in the columns has
been kept with 1 mL of T-per tissue protein extraction for DNA quantifica-
tion (Quant-iT PicoGreen dsDNA Kit, Molecular Probes, Eugene, OR).

3.1.5. HPLC assay

High performance liquid chromatography (HPLC) has been used to assess
LE concentrations and stability in the islet incubation media. Thawed
samples (0.5 mL) were mixed with 0.01 mL of 1N HCl and 1 mL of a 4 : 6
(v/v) ethyl acetate/hexane mixture, vortexed for 1 min, and centrifuged.
The upper organic layer (0.8 mL) was taken into a 1 mL glass tube (a).
The remainings were re-extracted with another 1 mL of a 4 : 6 (v/v) ethyl
acetate/hexane mixture, and the resulting upper organic layer (0.8 mL) (b)
was taken and combined with (a). The combined samples (a þ b) were
evaporated in a vacuum centrifuge, and reconstituted in 0.1 mL of 6 : 4
(v/v) acetonitrile/water solution. For calibration standards, 0.01 mL of
stock solutions (0, 1, 2.5, 5, 10 mg/mL in 60% acetonitrile/water) were
added in 0.99 mL of medium and mixed to yield the standards of 0, 0.01,
0.025, 0.05, and 0.1 mg/mL. The resulting standards (0.5 mL) were taken,
and prepared by the same procedures as for the samples. The HPLC sys-
tem used consisted of a SpectraPhysics (San Jose, CA) SP 8810 isocratic
pump with SP 8450 UV/Vis detector and SP 4290 integrator and was used
with a Supelco Discovery C8 column, a mobile phase of acetonitrile/water/
acetic acid at 60 : 40 : 0.2 ratio, a flow rate of 1 mL/min, an injection vo-
lume of 50 mL, and UV detection at 254 nm. Obtained retention times
were 8.2 min for LE (1), 4.8 min for AE (2), and 3.8 min for A (3); the
limit of detection for LE was 10 ng/mL.

3.2. Computational drug distribution model

Modeling was performed with a finite element method (FEM) (Comsol
Multiphysics 3.3, Comsol AB, Stockholm, Sweden). Diffusion was as-
sumed to be governed by the generic diffusion equation in its nonconserva-
tive formulation (incompressible fluid) (Comsol 2006a):

@c

@t
þr � ð�DrcÞ ¼ R� u � rc (1)

where, c denotes the concentration of the species of interest [mol � m–3], D
is the diffusion coefficient [m2 � s–1], R is the reaction rate [mol � m–3 � s–1],
u is the velocity field [m � s–1], and r is the standard del (nabla) operator
(Riley et al. 1997):

r � i
@

@x
þ j

@

@y
þ k

@

@z
ð2Þ

As boundary conditions, a constant fixed concentration of c ¼ 0 was used
along the external, cylindrical sides (corresponding to sink conditions at
the meshed, vascularized tissue boundaries) and insulation/symmetry,
n � (–Drc) ¼ 0, was used along the two plastic-capped ends. Along the
drug releasing surfaces, a constant flux, –n � (–Drc þ cu) ¼ N0, was used
as boundary condition with an inlet flux of 3.26�10–9 mol � m–2 � s�1

(corresponding to a 0.9 nmol/day ¼ 0.4 mg/day, total constant flux, i.e.,
zero-order release). In the diffusion only application, no convection is
allowed; i.e., u is assumed to be 0. In all these models, a diffusion coeffi-
cient D ¼ 6�10–10 m2 � s–1 was assumed for LE, a reasonable value con-
sidering measured values for similar compounds; e.g. �7�10�10 m2 � s�1

for testosterone in phosphate buffer and 1.5% purified pig gastric mucin
(Larhed et al. 1997) or 7�10–10 m2 � s–1 for hydrocortisone and
4.9�10�10 m2 � s–1 for betamethasone valerate in water (Seki et al. 2003).
In most models no consumption, i.e., a reaction rate R of 0 was used, but
in one case, degradation was allowed with a first-order consumption rate
of R ¼ 0.00116c s�1, corresponding to a half-life of 10 min, a value that
has been observed for the hydrolysis of LE in rat blood (Bodor et al.
1992b).
In the more complex model needed for the case where the drug solution is
continuously infused, this diffusion model had to be coupled to the fluid
dynamics model to calculate the velocity field u that results from the con-
vection. For fluid dynamics, the incompressible Navier-Stokes model for
Newtonian flow (constant viscosity) was used (Comsol 2006a):

q
@u
@t

� hr2uþ qðu � rÞ uþrp ¼ F

r � u ¼ 0
(3)

Here, q is the density [kg �m–3], h is the viscosity [kg � m–1 � s–1 ¼ Pa � s], p is
the pressure [kg � m–1 � s–2 ¼ Pa], and F is the volume force [kg � m–2 � s–2].
The first equation is the momentum balance, whereas, the second is simply the
equation of continuity for incompressible fluids. As boundary conditions, out-
flow with zero pressure (p ¼ p0 ¼ 0, K ¼ 0) was used along the external cy-
lindrical surface and no slip (u ¼ 0) was used along the capped ends. Along
the drug releasing surface, a constant inflow/outflow velocity (u ¼ u0) was
used as boundary condition with an inlet velocity of 8.85�10–8 m � s–1 (cor-
responding to an infusion rate of 1 mL/h and a total dose of 0.9 nmol/
day ¼ 0.4 mg/day with an assumed concentration of 37 mM). As a first esti-
mate, an aqueous media at body temperature was assumed in all subdomains
(e.g., T0 ¼ 310.15 K, q ¼ 993 kg � m–3, h ¼ 0.7�10–3 Pa � s).
Fully scaled 3D geometries were built in Comsol (cylinder of
r ¼ 2.150 mm internal radius and h ¼ 8 mm height, single slow-release cy-
linder of r ¼ 1.0 mm radius, multiple slow-release spherical beads of
r ¼ 0.2 mm radius, and continuous infusion inlet of r ¼ 1.0 mm radius).
The geometry has been divided in fine mesh elements using Comsol’s
default setting, and the problem has been solved for stationary condition
on a Dell Precision PC with a 3.2 GHz CPU running Linux. Computations
were done with the Pardiso direct solver as the linear system solver as this
seemed sufficiently stable and fast enough for all 2D and for most, not too
complex 3D cases.
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Larhed AW, Artursson P, Gråsjö J, Björk E (1997) Diffusion of drugs in
native and purified gastrointestinal mucus. J Pharm Sci 86: 660–665.

Linetsky E, Bottino R, Lehmann R, Alejandro R, Inverardi L, Ricordi C
(1997) Improved human islet isolation using a new enzyme blend, Lib-
erase. Diabetes 46: 1120–1123.
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