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Introduction

The technology of cell microencapsulation is basedhe immobilization of therapeutically active
cells within a polymer matrix, often alginate, sumded by a semipermeable membrane. Such
encapsulated cells are protected against immuiheacel antibody-mediated rejection and have the
potential to produce an array of therapeuticaltyvacsubstances (Lim and Sun 1980; Lanza 1996;
Orive 2003). These “living” drug delivery systemie aspecially interesting for controlled and
continuous expression of hormones and growth factor the local and targeted delivery of drugs
and to improve the pharmacokinetics of easily dégjpée peptides and proteins, which often have
short half-lives in vivo. One potential impact bfs drug delivery approach is that administratibn o
immunosuppressants and implementation of strictumwsuppressive protocols can be partially or
fully eliminated and therefore the serious risksoagated with these drugs can also be avoided.

Typical calcium-alginate beads are sensitive to-gelting agents such as sodium and potassium,
which in physiological conditions, results in osmawelling of the beads, inevitably leading to
increased pore size and destabilization and rupitithe polymer scaffold. Addressing some of
these limitations may have a major impact on thegierm functionality of the enclosed drug-
secreting cells. However, one major risk when desgstrategies aimed to increase the stability of
the devices is that this enhancement may sacrificer properties such as capsule permeability,
intra-cellular microenvironment and cell functioitl

Interestingly, until now, only inactive biomategahnd polymers have been used for microcapsule
elaboration and all the reported approaches hansidered the three dimensional capsules as inert
scaffolds in which cells are physically entrapped #&ransported. In contrast, we investigated the
possibility of designing biomimetic cell-hydrogebpsules to promote the in vivo long-term
functionality of the enclosed cells and improve thechanical stability of the capsules. To address
these issues, first, we fabricated biomimetic atgs by coupling the fibronectin-derived adhesion
peptide arginine glycine aspartic acid (RGD) toirdd¢e polymer chains. An alginate-mixture
providing a bimodal molecular weight distributiomsvused for capsule preparation with the aim of
increasing the elastic modulus of the gel while imailly raising the viscosity of the pre-gelled
solution. Increasing the mechanical propertiehefdgels by simply raising the concentration of the
high molecular weight alginates typically used ¢etl encapsulation would also significantly raise
the viscosity of the pre-gel solution, and increesié damage during mixing (Kong 2003). Because
alginate itself does not support cell attachmemg¢ decoration of the polymer with RGD will
facilitate its interaction with the integrin recep of the enclosed cells and hypothetically prglon
the survival and functionality of the latter (Alsge2002).

We suggest that biomimetic cell-hydrogel capsulas mcrease the stability of the cell-loaded

capsules and provide an improved microenvironmanthie enclosed cells. In the present paper, we
report that appropriately designed cell-hydrogatffetds significantly increase the mechanical
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resistance of the capsules while minimizing damalgeing cell encapsulation. The novel
biomimetic capsules provide cell adhesion for timel@sed cells and prolong their long-term
functionality and drug release. In addition, coltitng the cell-dose within the biomimetic capsules
enables a controlled in vitro and in vivo drug dety.

Material and Methods

Biomimetic alginates: Low viscosity and high guluronic acid containinggiabte (LVG) and
medium viscosity and high guluronic acid containialginate (MVG) were purchased from
Protanal LF 20/40 (FMC Technologies). The irradiatidose was varied from 2 to 5 Mrads.
Following irradiation, alginate molecules were ftiogalized with synthetic oligopeptides
containing a sequence of (glysine)4-arginine-glgsaspartic acid-tyrosine (G4RGDY,
Commonwealth Biotechnology Inc., Richmond, VA, USA)y using previously described
carbodiimide chemistry (Rowley JA, Mooney DJ 199Bhe molar ratio between RGD peptides
and alginate chains was kept constant at 0.01Briéfly, alginate solutions were prepared with a 2-
[N-morpholino]ethanesulfonic acid hydrate (MES, i8&) buffer and sequentially mixed with N-
hydroxysulfosuccinimide (sulfo-NHS, Pierce Chemjcaind 1-ethyl-3-[3-(dimethylamino)propyl]
carbodiimide (EDC, Sigma). Oligopeptides were adtiedhe reaction, and the alginates were
allowed to react for 24 h. The modified alginatesrev purified by extensive dialysis against
distilled water which removed the molecules smadhan 3,500 g/mol.

Cdl cultures C2C12 myoblasts derived from adult C3H mouse ametiyelly engineered to
secrete murine EPO were kindly provided by theitinst des Neurosciences (Ecole Polytechnique
Federale of Lausanne, Lausanne, Switzerland). @adt® grown in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum, 2mM Ltghine, 4.5 g/L glucose, and 1%
antibiotic/antimycotic solution.

Cédll encapsulation: C2C12 cells were immobilized within RGD and non-R@ficrocapsules
using an electrostatic droplet generator. Brieflglls (5x106 cells/ml) were suspended in RGD-
alginate mixture solution (2.75% w/v) (50:50 LVG-R@nd MVG-RGD alginate) and non-RGD
alginate mixture solution (1.4% w/v) (50:50 LVG aMWG alginate). The cell suspension was
extruded into calcium chloride solution and theulasg alginate beads were successively ionically
linked with a 0.05% (w/v) poly-L-lysine solution @mlginate solution 0.1% (w/v) for 5 min.

Implantation: Adult female Balb/c mice (Harlan Interfauna, Spammgre used as allogeneic
recipients. Before implantation, microcapsules weashed several times in Hank’s balanced salt
solution (HBSS). Animals were anesthetized by igafhe inhalation and a total volume of 0.2 ml
of cell-loaded RGD and non-RGD microcapsules werganted.

Hematocrit measurement: At specific time points blood was collected by oetbital puncture on
anesthetized animals using heparinized capilldfedtalab, Spain). The hematocrit was measured
by a standard microhematocrit method. Resultsgreessed as mean + standard deviation.

Histological analysis. At day 330 after transplantation, animals wereiiaed and microcapsules
were retrieved and fixed in a 4% paraformaldehyolat®n in 0.1 M sodium phosphate, pH 7.2.
Thereafter, serial horizontal cryostat sections (I#) were processed for hematoxylin-eosin
staining.
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Results and Discussion

Small diameter (45@m) and uniform three dimensional (3D) microcapsuwiese fabricated with
RGD and non-RGD alginate solutions. We hypothestheatl together with the bimodal molecular
weight distribution of alginate mixture, the calidnd interactions may be helpful to increase the
mechanical properties of the matrices as cells sebras will take part in the matrix network
formation (Figure 1).

Figure 1. Schematic description of the biomimetic @l-hydrogel capsules compared to non-
RGD capsules. RGD modification provides a specifimechanism for cell adhesion.

The mechanical rigidity of the RGD and non-RGD ia#ge microcapsules was evaluated. The
swelling of RGD alginate microcapsules (1.12 + 0.@ds significantly lower than non-RGD
devices (1.16 £ 0.01) (n = 20, P < 0.05) (Figurg 2dnereas the resistance of the capsules against
compression was significantly higher (49.6 * 6./higfocapsule vs. 39.1 + 4.7 g/microcapsule; n =
20, P < 0.01) (Figure 2b). In addition, the bingst system in either case significantly improved
the mechanical resistance reported for classicajlesialginate-poly-L-lysine capsules, which is
close to 16 g/microcapsule (Grandoso 2007).
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Figure 2. a) The swelling of biomimetic scaffolds as significantly lower than non-RGD
devices whereas b) the resistance of the capsulgsimst compression was significantly higher.

Both types of microcapsules were evaluated innavivo study. Results indicated that hematocrit

levels of all implanted recipients (RGD and non-R@&iizrocapsules) were significantly increased
(P <0.01), as compared to the control mice. Intergly, in the last 100 days of the study the
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hematocrit level of the recipients with RGD algmamhatrices was significantly higher than non-
RGD devices (Figure 3a). Therefore, biomimetic-bgllirogel capsules exhibit a more sustained
functionality, maintaining the hematocrit levelos® to 85% during 10 months after only one
administration. To our knowledge, this is the firsport describing such a sustained EPO release
from encapsulated cells implanted subcutaneouslypaovides a three-fold increase in the efficacy
of the drug delivery system compared to other jevireports from our group. The histological
analysis of the capsules revealed a minimal inflatony reaction based on a thin fibroblastic layer
surrounding both RGD and non-RGD capsules (Fighje 3
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Figure 3. a) Hematocrit levels of capsule implantednice. b) histological evaluation of the
samples.

Conclusions

Biomimetic design of cell-loaded capsules can improell performance as cells are immobilized
in a functional scaffold which mimics the naturatrmenvironment of the cells (Orive 2008). This
approach may be broadly applicable to any therapeapproach in which continuous and
controlled drug or growth factor delivery is ne@eys including deficiencies of a gene product,
central nervous system diseases and pathologieanding chronic drug treatments.
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