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Emerging biotechnologies, such as the use of biohybrid devices for cellular therapies, are showing increas-
ing therapeutic promise for the treatment of various diseases, including type 1 diabetes mellitus. The
functionality of such devices could be greatly enhanced if successful localized immunosuppression reg-
imens could be established, since they would eliminate the many otherwise unavoidable side effects
of currently used systemic immunosuppressive therapies. The existence of local immune privilege at
some specialized tissues, such as the eye, CNS, or pregnant uterus, supports the feasibility of localized
immunomodulation, and such an approach is particularly well-suited for cell transplant therapies where
all transplanted tissue is localized within a device. Following the success of syngeneic transplantation
in a subcutaneous prevascularized device as a bioartificial pancreas in a rodent model, we now report
the first results of exploratory in vivo islet allograft studies in rats using locally delivered glucocorticoids
(dexamethasone phosphate and the soft steroid loteprednol etabonate). Following in vitro assessments,
in silico drug distribution models were used to establish tentative therapeutic dose ranges. Sustained local
delivery was achieved via implantable osmotic mini-pumps through a central sprinkler, as well as with a
sustained-delivery formulation for loteprednol etabonate using poly(D,L-lactic) acid (PLA) microspheres.
Doses delivered locally were approximately hundred-fold smaller than those typically used in systemic
treatments. While several solubility, stability, and implantation problems still remain to be addressed, both
compounds showed promise in their ability to prolong graft survival after tapering of systemic immunosup-
pression, compared to control groups.

1. Introduction

1.1. Islet transplantation and biohybrid devices

In type 1 diabetes mellitus (T1DM; juvenile onset or insulin
dependent), the insulin producing �-cells of the pancreatic
islets are destroyed by an autoimmune process and glycemic
metabolism can only be controlled by administration of
exogenous insulin. T1DM is characterized by infiltration of
the pancreatic islets by immune cells, which after some time
destroy the �-cells by T-cell-mediated mechanisms (Faustman
and Davis 2009; Green and Flavell 1999). Unfortunately, even
with a careful insulin treatment, chronic and degenerative
complications, such as retinopathy, nephropathy, neuropathy,
atherosclerosis, and lipid disorders, still occur in a considerable
fraction of patients with T1DM due to the metabolic abnormal-
ities associated with diabetes. Precise metabolic control, in a
manner that cannot be achieved with exogenous insulin, can be
attained by the transplantation of pancreatic islets (Mineo et al.
2009). With recent clinical advancements, insulin independence
can be consistently attained following the transplantation of an
adequate allogeneic islet numbers resulting in clear benefits for
patients with brittle diabetes (Mineo et al. 2009). Nevertheless,

there are still important limitations that have to be solved
including: the need for large islet numbers (generally requiring
more than one donor per recipient); the side effects of the
systemic immunosuppression (which is required to avoid
graft-rejection); the progressive loss of graft function; and the
development of allosensitization (Fig. 1) (Pileggi et al. 2006b;
Ricordi et al. 2005) – all of which limit the applicability of islet
transplantation to only the most severe cases of brittle T1DM
in adults (Mineo et al. 2009; Pileggi et al. 2006b; Ricordi
et al. 2005). It is also becoming increasingly clear that the
liver, the currently favored site of clinical islet transplantation,
does not represent an optimal site for islet cell transplants, and
there is an ongoing search for alternative sites (Pileggi et al.
2006b). Hence, our ongoing focus is on developing improved
immunosuppressive regimens (Bocca et al. 2008; Pinto et al.
2010; Margolles-Clark et al. 2009; Marzorati et al. 2009a,b.),
improving devices and immunoisolation techniques (Fort
et al. 2008; Pileggi et al. 2006c), as well as finding superior
alternative sites (Berman et al. 2009) for islet transplantation.
During the last decades, various extravascular approaches for a
bioartificial pancreas have been explored for islet grafts using
either immunoisolated (i.e., encapsulated) or non-encapsulated
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Fig. 1: Schematic illustration of the problems hindering islet transplantation (Ricordi
et al. 2005). Islet mass (continuous blue line) is lost due to both pre- and
post-transplant events: (1) imperfect organ recovery/preservation, (2, 3)
suboptimal islet isolation and culture, (4) immediate post-transplant islet loss,
and (5) progressive loss due to the diabetogenic and antiproliferative effects
of the immunosuppressive agents used as well as to chronic rejection and
recurrence of autoimmunity. Immune response (dashed red line) needs to be
controlled with immunosuppressive therapies to prevent graft rejection. The
efficacy of immunosuppression needs to take into account (i) graft
immunogenicity, (ii) immune activation, (iii) expansion, while, ideally, not
preventing (iv) immune contraction and favoring (v) regulatory mechanisms
and minimizing memory

islets. They all aimed at providing adequate mechanical pro-
tection and sustained graft function while also making possible
relatively easy implantation, biopsy, and retrieval (Galletti et al.
2006; Kizilel et al. 2005; Narang and Mahato 2006; Pileggi et al.
2006c). Within the general framework of beta-cell replacement
therapies (Pileggi et al. 2006a; Ricordi and Strom 2004), our cur-
rent focus is on the evaluation of subcutaneous, neovascularized,
biohybrid devices (BHD) as possible therapeutic options toward
a cure for insulin-requiring diabetes mellitus. In our approach,
the main roles of the device are to provide mechanical protection
and to allow prevascularization of the site for an improved graft
microenvironment. Along these lines, we have shown that the
reversal of diabetes and the maintenance of normoglycemia is
attainable in chemically-induced diabetic rats by syngeneic islet
transplantation in a subcutaneous, neovascularized biohybrid
device, which is implanted 40 days prior to islet transplantation
to allow embedding by connective tissue and neovascularization
(Pileggi et al. 2006c).
Obviously, the true potential of such a device for cell trans-
plantation could only be realized if it can be used for allograft
transplantation and the problems associated with the long-term
use of immunosuppressive drugs (such as organ toxicity and
increased susceptibility toward opportunistic infections) can be
avoided. The best possibility would be to reprogram the immune
system of the recipient to achieve indefinite graft acceptance
and, ultimately, immune tolerance (Ricordi and Strom 2004;
Waldmann and Cobbold 2004). Another possibility would be
to implement a localized immunosuppression (LIS) regimen.
With this strategy, elevated drug concentration levels are lim-
ited to a relatively small part of the body, given that the most
important immunological events leading to rejection occur in
the graft and in its immediate surroundings. Our report herein
highlights such an approach could be more easily achieved than
in most other transplant cases, since the transplanted tissue is
localized entirely within the device. Hence, our hypothesis is
that LIS may provide sufficient protection against rejection and
allow long-term maintenance of function, while also avoiding
the serious systemic side effects commonly associated with sys-

temic immunosuppression. If a locally active therapeutic agent
(or combination of therapeutic agents) can be found, then thera-
peutically active concentration levels need to be maintained only
within the device and its surroundings – possibly including the
corresponding draining lymph nodes (Reddy et al. 2006, 2007)
– by using some form of local delivery.
Certainly, progress taking place in the immunosuppression of
various other organ transplants can always be adapted to the
field of islet transplantation, thereby resulting in better immuno-
suppressive regimens (Marzorati et al. 2007; Nanji and Shapiro
2004); however, islet transplantation has unique challenges com-
pared to other transplantations. First, immunological challenges
are unique as they are three-fold. First is the combination of both
the standard alloimmune attack present in other transplants and
the autoimmune component directed toward insulin producing
cells. Second is the fact that islet clusters are transplanted as a
heterotopic graft, i.e., a graft that is located on a site other than
the natural location of the tissue (Narang and Mahato 2006)
resulting in a phenomenon known as anoikis (‘homelessness’)
(Thomas et al. 1999). Lastly, these islets, once removed from
their native highly vascularized and matrix-rich environment,
require a period of engraftment and revascularization and, there-
fore, need to engraft, getting revascularized while retaining their
functional potency in the new implantation site (Pileggi et al.
2006b).

1.2. Local immune privilege

One support for the feasibility of LIS is provided by the existence
of local immune privilege at some specialized tissues within the
body. It has been long known that donor allografts can elicit
adaptive immunity of variable potency depending on the site
of the transplantation. For example, some specialized tissues
such as the eyes, the central nervous system (CNS), the preg-
nant uterus, and the testes, have been found to possess intrinsic
immune privilege (Arck et al. 2008; Niederkorn 2006). The
‘immune privilege’ term was originally introduced by Medawar
in 1948. For a long time, it was assumed to be mainly due to
anatomic segregation; however, it is becoming increasingly clear
that it is maintained by a combination of anatomical, physi-
ological, and immunoregulatory processes (Arck et al. 2008;
Niederkorn 2006). It also requires some localized active sup-
pressive processes and applies to more than the few originally
assumed sites. Furthermore, similar processes are also likely
exploited by cancerous tumors and chronic infections in order
to acquire their unique immune privileges (Mellor and Munn
2008). Hence, the mechanisms involved in this protection are of
particular relevance for our goal of achieving long-term func-
tion of tissues transplanted into the well confined boundaries of
a BHD. The main potential regulatory checkpoints involved in
the creation and maintenance of immune privilege in local tissue
microenvironments have been summarized as follows (Mellor
and Munn 2008): (1) Local inflammatory responses to tissue
insults or generation of ‘danger’ (Matzinger 1994) (as tissue
insults generally tend to induce some degree of local inflam-
mation consisting of the influx and activation of immune cells,
increased cytokine production, altered cell differentiation and
metabolic stress responses, and perhaps unmasking of normally
cryptic antigens); (2) Dendritic cell maturation and migration
to local draining lymph nodes (to deliver antigens in immune-
stimulatory or -suppressive manner following their maturation,
which is often mediated by ‘danger’ signals working through
the pathways of innate immunity such as activation of Toll-
like receptors and inflammatory cytokine receptors); (3) Antigen
presentation and T-cell activation in lymph nodes (a good tar-
get to maximize the impact of an intervention as T-cell priming
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occurs here and involves small numbers of dendritic-, T-, and,
in some settings, Treg-cells); and (4) Regulation of effector cells
at tissue sites (as effector immune cells that circulate back to
tissue lesions may be prevented from functioning by trafficking
barriers or physiologic blockade of T-cell effector functions by
regulatory cells or suppressor factors).

1.3. Local immunosuppression – feasibility

The feasibility of LIS, including the use of corticosteroids,
has been shown in a number of cases (Alessiani et al. 2000;
Gruber 1992; Shirbacheh et al. 1998). Animal studies in the
1980 s with prednisolone, methylprednisolone, or budesonide,
mainly in renal transplant models, were not unequivocal, but pro-
vided some evidence for the feasibility of LIS (Gruber 1992).
For example, prednisolone (4 mg/kg/d) and budesonide (BUD;
0.12 mg/kg/d ≈ 30 �g/d) delivered via osmotic mini-pumps in
renal (Ruers et al. 1986) and cardiac (Ruers et al. 1988) allotrans-
plant rat models, respectively, showed promising local effects
(i.e., prolongation of graft survival) even for these two highly
perfused organs. In the locally treated groups, systemic biologi-
cal side effects were not detectable despite effective drug levels
within the grafts.
In one of the most promising studies, not only did methylpred-
nisolone (0.5 mg/kg/d ≈ 10 �g/d) provide effective LIS in a
murine sponge matrix allograft model, but the presence of local
steroid at the initial graft site also prevented recipient sensiti-
zation to the presented alloantigen without keeping them from
developing a rejection response to a third-party skin graft (Freise
et al. 1991). In other rat models of liver (Weber et al. 1997) and
intestinal transplantation (Ozcay et al. 1997), local BUD was
found to also have beneficial effects. ‘Local delivery’ to the graft
in these studies was achieved due to the large first-pass effect of
orally administered BUD, which is metabolized to a great extent
while passing through the liver (Ozcay et al. 1997; Weber et al.
1997). Another rat model of intrahepatic islet allotransplantation
found that, whereas intraportal delivery of BUD or cyclosporin
(CsA) did not prolong graft survival, tacrolimus (TACR) did and
was even more effective than intravenous delivery (Wang et al.
1995).
Skin is the most immunogenic component of a composite tissue
allograft; however, it is convenient for testing topical effi-
ciency. Topical corticosteroids in combination with CsA have
been shown to allow long-term survival in rodent skin allo-
grafts (Inceoglu et al. 1994; Shirbacheh et al. 1998). Topical
TACR therapy, along with preoperative depletion of T cells
with antilymphocyte serum (ALS) and a short course of sys-
temic immunosuppression with CsA, has recently been shown
to prevent skin rejection in a rodent hind limb allograft model
(Solari et al. 2009). Local ocular immunosuppression with CsA
by slow release from a capsule sutured into the vitreal cav-
ity (∼ 2 �g/day) was effective in prolonging the survival of
human fetal retinal pigment epithelium (RPE) xenografts in the
rabbit’s subretinal space, in a manner similar to that achieved
by intravitreal injections (250 or 500 �g/wk) (Lai et al. 2000).
The efficacy of LIS has also been shown by various groups in
different rat models with BUD, CsA, sirolimus (SIR), TACR,
16,16-dimethyl prostaglandin E2 (PGE2), anti-T-cell mono-
clonal antibody (mAb), and 15-deoxyspergualin infused directly
into the transplanted organ via implanted osmotic minipumps
(Gruber 1992; Shirbacheh et al. 1998). LIS with methylpred-
nisolone and TACR has even been explored in two clinical cases
of small bowel transplantation (Furtado et al. 2000).
Even the previously mentioned immune-privileged status of the
eye has been attributed to the elevated free hydrocortisone (cor-
tisol) levels observed at this site (estimated at 10 ng/mL ≈ 30 nM

in the aqueous humor) due to low local corticosteroid-binding
globulin (CBG) concentrations. Such cortisol concentrations
seem adequate to suppress immune responses, as they were
found to be sufficient to inhibit one-way mixed lymphocyte
reactions (MLR) as well as antigen presentation (Knisely et al.
1994). Furthermore, local delivery of a corticosteroid (fluo-
cinolone acetonide, 0.4 �g/d) to the eye using a slow-release
intravitreal implant (Retisert®) has been shown to effectively
control intraocular inflammation (Jaffe et al. 2005) and has been
approved by the FDA for treatment of chronic non-infectious
uveitis – further proof for the potential of achieving local activ-
ity by local delivery of corticosteroid (even if the focus here was
on anti-inflammatory and not on immune-suppressive activity).
For islet transplantation, there might be additional LIS possi-
bilities not available in other cases, for example, due to the
additional opportunities offered in the case of encapsulated
islets, an often pursued strategy for allo- or xenotransplanta-
tion. In a related attempt, the possibility of LIS was explored by
tethering anti-tumor necrosis factor-alpha (TNF-�) antibodies
to the surface of alginate/poly-L-ornithine/alginate microcap-
sules via streptavidin-biotin conjugation (Leung et al. 2008).
Notably, the use of anti-TNF-� antibody in recent clinical
trials has been associated with improved engraftment and func-
tion of transplanted allogeneic islets in patient with T1DM
(Alejandro et al. 2008). It might also worth remembering that
SIR and TACR, immunosuppressive agents in current clinical
islet transplantation protocols, have been shown to have elevated
portal vein levels (Desai et al. 2003). Therefore, intraportally
transplanted islets are exposed to elevated drug levels, which
may be beneficial in providing local immunosuppression or
harmful considering their established islet toxicity (Zahr et al.
2007).

1.4. Local immunotoxicity

While LIS might avoid systemic toxic effects, a possible prob-
lem is that the highest drug concentrations will be within the
device and its immediate surroundings, directly exposing the
transplanted cells (e.g., islets) to the potential toxic and dia-
betogenic effects of some of these agents. Impaired glucose
metabolism (Fernandez et al. 1999) and post-transplant dia-
betes mellitus (First 2003) are common in patients receiving
systemically chronic therapy with calcineurin inhibitors (i.e.,
CsA and TACR). The deleterious effects of systemic adminis-
tration of calcineurin inhibitors on islet graft function have long
been recognized (Alejandro et al. 1989; Alejandro et al. 1988;
Ricordi et al. 1992). Systemic immunosuppression and cultur-
ing of islet cells in vitro with SIR have been associated with
impaired islet function and islet cell toxicity (Bell et al. 2003;
Marcelli-Tourvieille et al. 2007; Zahr et al. 2007; Zhang et al.
2006). Mycophenolate mofetil and some of the newer, emerg-
ing compounds (e.g., fingolimod or leflunomide) seem to have
less effect on glucose metabolism at therapeutic doses (Egidi
2005). Administration of systemic glucocorticoids in the peri-
transplant period has been associated with the development of
islet graft dysfunction (Rilo et al. 1994), and corticosteroids
(including DEX) show some inhibition insulin release by islet
�-cells (Lambillotte et al. 1997; Pierluissi et al. 1986; Zawalich
et al. 2006). Steroids are known to produce whole-body insulin
resistance when administered systemically for longer periods
and to exacerbate diabetes (Qi and Rodrigues 2007); however, if
insulin resistance is mainly due to suppression of glucose trans-
port, this problem might be circumvented via local drug delivery,
as much lower levels are present systemically (Pagano et al.
1983; Sakoda et al. 2000). Essentially all currently used systemic
immunosuppression regimens have serious negative effects on
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the engraftment, function, and survival of transplanted islets,
thereby hindering the success of islet implantation (Marzorati
et al. 2009a). Hence, a LIS approach can become successful only
if (i) locally active agents can be identified, (ii) they are active
at concentration levels that are immunosuppressive, but non �-
cell toxic, and (iii) the nontrivial problems of delivering and
maintaining them locally can be solved (at least until immune
tolerance inducing protocols are available).

1.5. Local corticosteroids

Corticosteroids, potent antiinflammatory and immunosuppres-
sive agents, should be a strong first choice as possible LIS agents,
since they are commonly utilized in a large variety of clinical
diseases. Due to their broad spectrum of activity, they also are
the most widely used class of immunosuppressive agents. Here,
we report the first exploratory results of in vivo islet al-lograft
studies in rat BHDs using two locally delivered glucocorticoids:
dexamethasone phosphate (DEXP), which was selected on the
basis of solubility considerations, and loteprednol etabonate
(LE), which was selected on the basis of its safety and localized
activity. LE is a soft steroid specifically designed to produce
targeted local activity with no systemic side effects due to
its prompt metabolic (preferably extrahepatic, e.g., hydrolytic)
inactivation (Bodor and Buchwald 2006; Buchwald and Bodor
2004; Druzgala et al. 1991). Soft drugs are new, active thera-
peutic agents (often isosteric-isoelectronic analogues of a lead
compound) with a chemical structure specifically designed to
allow for predictable metabolism into inactive metabolites after
exerting the desired therapeutic effect(s) (Bodor and Buchwald
2000; Bodor and Buchwald 2008; Buchwald 2007). LE is FDA
approved (Noble and Goa 1998) and seems particularly effec-
tive in the treatment of various ocular inflammatory conditions
(Pavesio and Decory 2008). Both LE and DEX bind to the glu-
cocorticoid receptor with a dissociation constant (KD) that is
in the 5–10 nM range (Buchwald 2008). On the basis of this
and the result of previous in vitro investigations (Bocca et al.
2008), concentration levels of 5–500 nM (2–250 ng/mL) can
serve as a first estimate of a target therapeutic range that could
be immunosuppressive, but not significantly �-cell toxic.

2. Investigations, results and discussion

2.1. COMSOL Multiphysics computational drug delivery
models

Achieving sustained local drug delivery at a tissue engineered
site is a considerable challenge; several possibilities have been
considered with only limited success (Saltzman and Olbricht
2002). Using the 5–500 nM range as a tentative therapeu-
tic target for active corticosteroid molecules, we performed a
series of geometrically accurate fully 3D finite element method
(FEM)–based COMSOL Multiphysics computational simula-
tions (Bocca et al. 2008, 2007). These were built by combining
the diffusion/convection and the incompressible Navier-Stokes
fluid mechanics application modes of the software, and were
used to obtain first estimate of local doses for various possi-
ble local delivery methods that could be implemented with our
currently used rodent BHD model (Fig. 2). As Fig. 3 shows,
the model-predicted flow profiles seem in strong agreement
with those measured experimentally for an essentially aque-
ous fluid with a multi-hole cylindrical sprinkler. Accordingly,
models for various delivery possibilities were built (Bocca
et al. 2008, 2007); the two corresponding most closely to
those used here in the in vivo transplantation models are for
a cylindrical BHD with a continuous pump-driven infusion
through a central ‘sprinkler’ system and with multiple, randomly

Fig. 2: Prototypes of biohybrid devices used in the rodent studies described here.
One end of the PEEK cylindrical mesh can be sealed with a PTFE stoppers.
The device is first implanted with a PFTE plunger (top) inserted into the
lumen to prevent full in-growth of the recipient tissue. Following a
prevascularization period, the plunger is removed and the islet cells are
transplanted into the device. These devices intended for use in rodents have
an interior ‘sprinkler’ that can be connected to an infusion port and/or pump
for the targeted delivery of drugs in the local implantation site

distributed, sustained-release spherical beads (Fig. 4). These cal-
culations suggested that, as long as no significant local metabolic
degradation takes place, a drug delivery rate of approximately
1 nmol/day (corresponding to approximately 0.5 �g/day) can
provide adequate coverage inside the cylindrical chamber for
steroid-sized molecules. The multiple spherical bead approach
might provide the most uniform coverage, but only if the beads
can be uniformly distributed and maintained (Fig. 4). Calcu-

Fig. 3: COMSOL-calculated velocity field isosurfaces at the stationary solution for a
central tube (‘sprinkler’) with five uniform hole-pairs (top) and experimental
results (bottom) obtained with an aqueous blue dye for the same tube using
an adjustable flow-rate infusion/withdraw syringe pump (Pump 22 Multiple
Syringe Pump, Harvard Apparatus)
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Fig. 4: COMSOL calculated drug concentrations of steroid-sized drugs for (A)
zero-order release from multiple randomly distributed slow release spherical
beads and for (B) a central sprinkler with multiple holes (flow rate 1 �L/h,
cin = 40 �M) both cases corresponding to an approximate delivery rate of ∼ 1
nmol/day (0.5 �g/day). Only the approximate therapeutic range of 5– 500 nM
is colored in the figures with blue corresponding to lower and red to higher
concentrations and shown on a logarithmic scale. For comparison, long-time
effective local anti-inflammatory activity in the eye could be achieved with
fluocinolone acetonide delivered at an estimated rate of 0.3 �g/day
(0.7 nmol/day) (Retisert®) (Jaffe et al. 2005) resulting in concentration levels
of around 0.2 ng/g (0.4 nM) in the aqueous humor and 15 ng/g (30 nM) in the
vitreous (rabbit eye) (Driot et al. 2004)

lation for the sprinkler infusion required a true multiphysics
approach as in this case, the diffusion model had to be cou-
pled to the fluid dynamics model to calculate the velocity field,
u, that results from the convection. Results shown here corre-
spond to a realistic case of delivering a solution with a c = 40 �M
concentration with a continuous rate of 1 �L/h, which can be
achieved with available osmotic mini-pumps, and results in the
estimated 1 nmol/day delivery rate. It has to be emphasized that
these local delivery estimates represent a very significant dose
reduction compared to a corresponding systemic administration
and not just local delivery of an equivalent dose. Compared
to a systemic dose of around 0.25 mg/day (1 mg/kg/day; i.e.,
250 �g/day/animal), which is commonly used for DEX, the
local dose estimates calculated here, 0.5–5.0 �g/day, represent
a 50–500-fold reduction.

2.2. LE sustained release microsphere formulation

Because most potent corticosteroids are quite hydrophobic
(Buchwald 2008), the dose deliverable through the infusion of an
aqueous solution is limited. As a potential alternative approach
to achieve localized and sustained delivery, poly(d,l-lactic) acid
(PLA) microspheres were prepared and explored for LE (Pinto
et al. 2010). PLA microspheres have been used for drug delivery
for many years, since they are able to encapsulate and provide
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Fig. 5: Actuarial Kaplan-Meier curves showing the proportion of survival of islet
allografts after completion of the weaning protocol of systemic
immunosuppression. Local delivery of the soft steroid loteprednol etabonate
was achieved either using an osmotic mini-pump (0.25 �L/h) (LE 0.2, 0.5,
and 10 mg/L) or sustained release microspheres (LEms) using the
biodegradable polymer poly(lactic-co-glycolic) acid, PLGA, (4% LE,
∼3.0 �g/day; 4.5 mg loading dose). Dexametasone phosphate (DEXP,
20 mg/L) was delivered with the same mini-pump. All local steroids, but
especially the sustained-release microsphere formulation allowed for the
extension of allograft survival in a number of cases confirming the potential
of this approach even in these early, exploratory rat studies

sustained release of both hydrophilic and lipophilic drugs (Li
and Jast 2006). PLA microspheres are of particular interest for
targeted drug delivery since they are biocompatible, biodegrad-
able, and can decrease unwanted side effects while maintaining
therapeutic effects (Okada and Toguchi 1995). Various micro-
sphere formulations have been prepared (Pinto et al. 2010; Pinto
2008); those used here were prepared by solvent evaporation
and had a drug loading of 3.9 ± 0.2%, an estimated mean par-
ticle diameter of 5.0 �m, and provided an in vitro drug release
duration of approximately three months.

2.3. Exploratory in vivo studies

A first set of exploratory in vivo rodent experiments investi-
gating the functionality of allogeneic implants in BHDs with
maintenance LIS therapy were performed. Chemically diabetic
rats were transplanted with allogeneic islets into prevascular-
ized BHDs, maintained on systemic immunosuppression (ALS
induction followed by maintenance on mycophenolic acid) for at
least two weeks, and then withdrawn from the systemic immuno-
suppression and maintained only on the LIS treatment regimen.
To assess the function of the islets transplanted into the prevas-
cularized BHD, glucose levels were measured daily. For local
delivery, implantable osmotic mini-pumps (Alzet®, 0.25 �L/h)
were used for both DEXP and LE by connecting it to the central
sprinkler of the BHD (Fig. 2). Both the prevascularized BHD and
the pump were implanted subcutaneously in the dorsal region
of the rodents (Pileggi et al. 2006c), and they were connected
via polyethylene tubing. For LE, the PLA microsphere-based
sustained-delivery formulation was also explored. Most of these
early exploratory experiments were hampered by a number of
problems mainly related to solubility and stability limitations, as
well as to the implantation of the mini-pump. Nevertheless, both
glucocorticoids tested (DEXP and LE) showed some promise.
Results of these early in vivo tests, obtained while the animal
models were still being developed, were somewhat inconsistent
because of the mentioned problems; nonetheless, local delivery
showed significant prolongation of graft function when com-
pared to control animals that reject the transplant within 6–12
days after tapering of the systemic immunosuppression (p<0.05,
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log-rank Mantel-Cox test) (Fig. 5). Because of solubility, sta-
bility, and pump-volume limitations, in most cases, we could
not reach the desired local dose levels estimated as needed
to achieve effective immunosuppression; therefore, alternative
delivery routes and increased doses will also be explored in the
future.
In conclusion, preliminary studies to evaluate the feasibility of
localized immunosuppression with glucocorticoids (dexametha-
sone phosphate and loteprednol etabonate) have been performed
in a prevascularized, subcutaneous rat biohybrid device model
for islet cell transplantation. FEM-based multiphysics computer
simulations were used in combination with in vitro safety studies
to obtain preliminary estimates of local doses that can provide
adequate coverage of the biohybrid device and its immediate
surroundings. While several solubility, stability, and implan-
tation problems still remain to be addressed, both compounds
showed promise as they caused prolongation of the graft survival
compared to the control group after tapering of the systemic
immunosuppression.

3. Experimental

3.1. In silico drug distribution models

Computational models with a finite element method (FEM) (COMSOL
Multiphysics 3.4, COMSOL AB, Stockholm, Sweden) were performed
as described before (Bocca et al. 2007; Buchwald 2009). Briefly, diffu-
sion was assumed to be governed by the generic diffusion equation in its
nonconservative formulation (incompressible fluid):

∂c

∂t
+ ∇ · (−D∇c) = R − u · ∇c (1)

Notation: c concentration of the species of interest [mol·m−3], D diffusion
coefficient [m2·s−1], R reaction rate [mol·m−3·s−1], u velocity field [m·s−1],
and� del (nabla) operator. As boundary conditions, a constant fixed concen-
tration of c = 0 was used along the external, cylindrical sides (corresponding
to sink conditions at the meshed, vascularized tissue boundaries) and insula-
tion/symmetry, n·(–D�c) = 0, was used along the two plastic-capped ends.
Along the drug releasing surfaces, a constant flux, –n·(–D�c + cu) = 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 = 0.4 �g/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 coefficient
D = 6 × 10−10 m2·s−1 was assumed (Bocca et al. 2007).
For models with convection (sprinkler infusion), the diffusion model was
coupled to the fluid dynamics model to calculate the velocity field u that
results from the convection (Bocca et al. 2007; Buchwald 2009). For fluid
dynamics, the incompressible Navier-Stokes model for Newtonian flow
(constant viscosity) was used (momentum balance + equation of continuity
for incompressible fluids):

ρ
∂u

∂t
− η∇2u + ρ(u · ∇)u+ ∇p = F

∇ · u = 0 (2)

Notation: ρ density [kg·m−3], η viscosity [kg·m−1·s−1 = Pa·s], p pressure
[kg·m−1·s−2 = Pa], and F volume force [kg·m−2·s−2]. As boundary con-
ditions, outflow with zero pressure (p = p0 = 0, K = 0) was used along the
external cylindrical surface and no slip (u = 0) was used along the capped
ends. Along the drug releasing surface, a constant inflow/outflow veloc-
ity (u = u0) was used as boundary condition with an inlet velocity of
8.85 × 10−8 m·s−1 (corresponding to an infusion rate of 1 �L/h and a total
dose of 0.9 nmol/d = 0.4 �g/d with an assumed concentration of 37 �M).
As a first estimate, an aqueous media at body temperature was assumed in
all subdomains (e.g., T0 = 310.15 K, ρ = 993 kg·m−3, η = 0.7 × 10−3 Pa·s).
Fully scaled 3D geometries were built in COMSOL (device: internal radius
r = 2.15 mm, length h = 8 mm; sprinkler: external radius r = 0.29 mm; mul-
tiple slow-release spherical beads of r = 0.2 mm radius). The geometry was
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 performed using
the Pardiso direct solver.

3.2. In vivo islet transplantation

Islet isolation and transplantation using the prevascularized islet biohybrid
device was performed at the Preclinical Cell Processing and Translational
Model Laboratory of the Diabetes Research Institute (DRI) using the method
described previously (Bocca et al. 2009; Marzorati et al. 2009b; Pileggi
et al. 2006c). All animal studies were conducted under protocols approved
by the Institutional Animal Care Committee. Streptozotocin-induced chem-
ically diabetic Lewis rats were transplanted with Wistar Furth (WF) islets
into prevascularized BHDs under the umbrella of systemic immunosup-
pression based on induction with antilymphocyte serum (ALS, Accurate,
Westbury, NY; 1 mL, single intraperitoneal injection on day –3) and mainte-
nance mycophenolic acid (Myfortic®, Novartis Pharmaceutical Corp., East
Hanover, NJ; 20 mg/kg/d from day 0); after at least two weeks of treatment,
systemic immunosuppression was tapered and discontinued while the local
one was maintained. For the control group, saline solutions loaded mini-
pumps were used for localized delivery. For localized delivery of LE with
microspheres, a 4.5 mg loading dose of LE-PLA microspheres (sterilized by
radiation) was added to the device at the time of islet infusion. On the basis
of in vitro experiments, the delivery rate was estimated to be approximately
3.0 g/day, based on a 4% drug content released over an approximately 60
day period. Glucose levels were measured on whole blood (OneTouchUl-
tra2 glucometer, Lifescan, Milpitas, CA) daily for the first week and 2–3
times a week thereafter to assess the function of the transplanted islets.
As a first, relatively convenient approach to achieve sustained local deliv-
ery, implantable osmotic mini-pumps were used (Alzet®, DURECT Corp.,
Cupertino, CA; Model #1002; 100 �L volume, 2-week continuous infusion,
0.25 �L/h delivery rate). Both the prevascularized BHD manufactured for
converge Biotech, Inc. (by Biorep® Technologies Inc., Miami, FL) and the
pump were implanted subcutaneously in the dorsal region of the rodents,
and connected via polyethylene tubing. Animals were then maintained on a
two- to three-week regimen of systemic immunosuppression, in addition to
the localized delivery.
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