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Abstract
Herein we describe the development and implementation of a nanoporous cell-therapy device with
controllable biodegradation. Dopamine-secreting PC12 cells were housed within newly
formulated alginate-glutamine degradable polylysine (A-GD-PLL) microcapsules. The A-GD-
PLL microcapsules provided a 3-D microenvironment for good spatial cell growth, viability and
proliferation. The microcapsules were subsequently placed within a poly(ethylene glycol) (PEG)-
coated poly(ε-caprolactone) (PCL) chamber covered with a PEG-grafted PCL nanoporous
membrane formed by phase inversion. To enhance PC12 cell growth and to assist in controlled
degradation of both the PC12 cells and the device construct, small PCL capsules containing neural
growth factor (PCL-NGF) and a poly(lactic-co-glycolic acid) pellet containing glutamine (PLGA-
GLN) were also placed within the PCL chamber. Release of NGF from the PCL-NGF capsules
facilitated cell proliferation and viability, while the controlled release of GLN from the PLGA-
GLN pellet resulted in A-GD-PLL microcapsule degradation and eventual PC12 cell death
following a pre-specified period of time (4 weeks in this study). In vivo, our device was found to
be well tolerated and we successfully demonstrated the controlled release of dopamine over a
period of four weeks. This integrated biodegradable device holds great promise for the future
treatment of a variety of diseases.

Keywords
Nanoporous capsules; Controllable biodegradation; Glutamine-degradable PLL microcapsules;
Neural growth factor; Dopamine secretion

1. Introduction
Controlled drug delivery has seen rapid advances in many pharmaceutical applications [1].
Typical drug delivery carriers include biodegradable micro-/nanoparticles [2], hydrogel-
based carriers [3], liposome, and polyplex nanoparticles [4], and micro/nanofabricated
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devices [5] including a number of silicon micro-reservoir designs capped with thin
nanoporous membranes thereby allowing pulsatile delivery of therapeutics [6–8].

To solve the problem of low drug loading and the limited release time of many of the
aforementioned drug delivery carriers, the controlled-release of therapeutic proteins from
cell-based devices has drawn a great deal of interest. These devices are also referred to as
immunoisolation systems, since immunoisolation is the most critical requirement of the cell-
based devices. Importantly, there exist microencapsulated and macroencapsulated cell-based
carriers. Microcapsules with diameters in the range of 0.3–1.5 mm are capable of providing
long-term delivery of therapeutic drugs in addition to immunoprotection from the host
immune system [9–11]. For instance, the classic alginate-polylysine (PLL) microcapsules
have been successfully applied to a number of cell types [12]. However, issues with these
devices remain. High molecular weight PLL microcapsules are associated with the
development of severe inflammatory reactions in the host, and the instability of these
microcapsules has thus far restricted their clinical application [13]. Another concern of
alginate-PLL microcapsules is their uncontrolled biodegradation. PLL materials were easily
degraded by hydrolytic enzymes or proteolytic enzymes [14]. However, the alginate-PLL
membrane complex was almost totally inert to the hydrolytic enzymes [15,16]. Many
strategies have been employed to circumvent these issues including the modulation of
alginate cross-linking to eliminate the use of PLL [17,18]; replacing PLL with more
biocompatible materials [19–21]; and modifying the microcapsule surface with peptide and
protein molecules [22,23]. In spite of these efforts, microcapsules alone still cannot achieve
high mechanical stability, high biocompatibility and controlled biodegradability.

Macro-sized cell capsules are capable of providing adequate immunoprotection since the
development of nanofabricated pore arrays and semi-permeable membranes [24]. For
example, Desai and Ferrari [25] developed a silicon-based biocapsule to house pancreatic
islet cell transplants for insulin therapy. In addition, alumina nanopore membranes produced
by anodization have been used for the immunoisolation of transplanted cells [26,27]. Given
these developments, there have been efforts to combine the advantages of both
microcapsules and macro-sized devices. British researchers reported a case of recovery of
function in a man following a hemorrhagic stroke and subsequent surgical implantation of a
permeable polymer-based device containing microcapsules in the fashion of a “tea-bag”[28].
Unfortunately, this patient required a second surgery for device retrieval to prevent any
long-term side effects from the implanted device and transplanted cells. Recently, our group
developed an implantable cell-based device consisting of a biodegradable poly(ε-
caprolactone) (PCL) outer chamber and alginate-PLL microcapsules [29]. This device
demonstrated controlled release of a reporter gene product and generated only a minimal
inflammatory reaction by the host immune system. But the fate of cell containing
microcapsules after PCL degradation is still a major concern. It would be highly desirable if
the implanted foreign cells and devices can be completely degraded in vivo after a pre-
specified therapeutic treatment time in a controllable manner.

In this study, we describe a new PLL microcapsule formulation by cross-linking low
molecular weight PLL with dimethyl dithiobispropionimidate (DTBP) in combination with
alginate. These new PLL microcapsules (A-GD-PLL) are degradable by manipulating the
concentration of glutamine (GLN). Importantly, GLN has a secondary effect of increasing
the buffer pH of the PCL device. Following microcapsule degradation by GLN, dopamine-
secreting PC12 cells that were housed within the microcapusules are exposed to the alkaline
buffer of the PCL device. Since cells are sensitive to pH changes in the buffer solution,
increased buffer pH will eventually lead to cell apoptosis. By placing both cell-containing
A-GD-PLL microcapsules and biodegradable PLGA-GLN pellets in the same PEG coated
nanoporous PCL device, controlled degradation of microcapsules and the cells of interest
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can be easily achieved prior to degradation of the entire PEG-PCL outer chamber. PC12
cells that secrete dopamine were chosen to evaluate our device performance and may serve
as a potential treatment of Parkinson’s disease. To promote cell growth and viability, small
PCL capsules containing nerve growth factor (PCL-NGF) were also placed inside the PCL
chamber. The release of dopamine by the encapsulated PC12 cells and the controllable
degradation of the A-GD-PLL microcapsules and the outer PCL chamber were evaluated
both in vitro and in vivo. The biocompatibility of the device by the host immune system was
evaluated in vivo.

The transplantation of cells with the ability to produce dopamine locally is an alternative
approach for patients with Parkinson’s disease [30]. Dopamine-secreting PC12 cells have
been successfully encapsulated in a number of carriers [12,31]. However, long-term effects
of the macro/microcapsules, the possibility of xenograft rejection, and the necessity for
device retrieval are a few of the issues that need to be addressed. We hypothesize that the
present integrative device can solve some of these problems.

Fig. 1 outlines the device schematic and the proposed device degradation process. The
degradation takes place in two stages. Initially, GLN is released from a PLGA-GLN/Alkali
pellet due to PLGA degradation after a specific application time. GLN release leads to the
degradation of the A-GD-PLL microcapsules, with subsequent release of the encapsulated
PC12 cells inside the PCL chamber. Importantly, alkali is also released from the PLGA-
GLN pellets. This results in a rapid increase in the media pH, contributing to the fast
decomposition of remaining microcapsules and eventual PC12 cell death. Moreover, the
enhanced influx of immune biomolecules through the enlarged nanopores (due to the
degradation of the PCL membrane) results in additional/complete foreign cell death. In the
second stage, the whole PCL device would degrade and the remaining cell and microcapsule
debris could be cleared by the host immune system.

2. Experimental
2.1. Chemicals and reagents

Alginate sodium (low viscosity), PLL (MW 500–2000), PCL (MW 14,000 and 70,000),
polyethyleneglycol monoacrylate (PEGMA), dimethyl dithiobispropionimidate (DTBP),
ethidium homodimer-1, calcein AM, gelatin, and monothioglycerol were purchased from
Aldrich Chemicals (Milwaukee, WI). 1,4-dioxane was obtained from Mallinckrodt
Chemicals (Philipsburg, NJ). 2-methoxyethanol (ACS reagent, ≥93% pure) and citrate
sodium were purchased from Sigma-Aldrich (St. Louis, MO). Biodegradable PLGA was
provided by Alkermes (Cambridge, MA). PC12 cells were purchased from ATCC
(Manassas, VA). CellTiter 96® AQueous One Solution Reagent was purchased from
Promega (Madison, WI). Phosphate Buffered Saline (PBS), Dulbecco’s Modified Eagle’s
Medium (DMEM with 4.5 g/L D-glucose), horse serum, newborn calf serum, fetal bovine
serum (FBS), penicillin and streptomycin, non-essential amino acids, L-glutamine, and
sodium pyruvate were purchased from Invitrogen (Carlsbad, CA). The NGF reagent was
purchased from BD Bioscience (Franklin Lakes, NJ). NGF levels were measured using an
NGF ELISA kit (GenWay Biotech Inc., San Diego, CA) as described in the instructions
manual. All reagents, unless specified, were used without further purification.

2.2. Cell culture
PC12 cells were grown in tissue culture flasks in maintenance medium consisting of
DMEM/F12 supplemented with 10% (v/v) horse serum, 5% (v/v) new calf serum, 2 mM L-
glutamine, and 1 mM sodium pyruvate at 37 °C in a humidified incubator with 5% CO2 and
95% air. Fresh medium was added to the PC12 cells each day.
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2.3. Device design and fabrication
The design of the nanoporous PCL chamber has been previously described [32]. Briefly, the
device consists of two parts: a nanoporous PCL (MW=70,000) membrane gate and a PCL
(MW=70,000) chamber. PCL nanoporous membranes were prepared via the combination of
thermally and non-solvent induced phase separations. The PCL chambers (8.0 mm in
diameter and 5.0 mm in height) were fabricated by a hot-embossing technique. Following
PEG-grafting using the plasma technique [33], the nanoporous membrane and PCL
chambers were ready for further assembly.

Microcapsules were generated as previously described [34] with an important modification.
Briefly, PC12 cells (2×106 cells/mL) were suspended in 2% w/v sterilized sodium alginate
and passed through a 27-gage needle into 100 mM CaCl2 using an electrostatic droplet
generator (NISCO, Sweden) to form calcium alginate gel beads. The voltage used was 5.5
kV and the distance between the needle tip and the solution level was 1.6 cm. For the
creation of glutamine-degradable microcapsules, dimethyl dithiobispropionimidate (DTBP)
was cross-linked with a low molecular weight PLL (MW 500–2000) at a 2:1 molar ratio of
DTBP to primary amine (i.e. lysine monomer for polylysine and histone). DTBP is a
homobifunctional, membrane-permeable cross-linker that can be cleaved by exposure to
glutamine molecules [35]. Fig. 2 outlines the cross-linking reaction involved in the synthesis
of DTBP-PLL and the breakup by glutamine. Specifically, 20 mg PLL was added into 2 mL
of Hepes buffer (25 mM, pH 8.0). 30 mg DTBP dry powder was then added to the solution
and the mixture was incubated for 3 h at room temperature [36]. After 3 h, the mixture was
filtrated through a 0.22 μm filter. Following filtration, the calcium alginate gel beads were
incubated with purified DTBP-PLL for 30 min at room temperature, forming a GD-PLL
membrane around the beads. The membrane-enclosed gel beads were further suspended in
55 mM sodium citrate to liquefy the alginate gel core. The resulting A-GD-PLL
microcapsules were 300–400 μm in diameter. Microcapsules with encapsulated PC12 cells
were cultured in a 24-well plate at 37 °C in 5% CO2 using PC12 maintenance medium.

The small PCL-NGF chamber (2.4 mm in diameter and 1.8 mm in height) was also
fabricated using the hot-embossing technique using a low molecular weight PCL (MW
14,000). Following PEG surface modification, each reservoir was loaded with 7 μL NGF
solution (0.1 μg/μL) and covered with a nanoporous membrane using the same PCL. The
PLGA-GLN/alkali pellet (2.0 mm in diameter and 0.5 mm in height) was formed by mixing
glutamine with sodium hydroxide powder (~1 mg), followed by encapsulation with a PLGA
cover without pores.

The PEG-grafted PCL chambers and PEG-modified nanoporous membranes were sterilized
overnight using a UV lamp. Microencapsulated cells (~1.5×105), one PLGA-GLN/alkali
pellet and one small nanoporous PCL-NGF chamber were then seeded into each large
nanoporous PCL chamber. A nanoporous PCL membrane was bonded to the large PCL
chamber to form a laminated assembly using a NuSil bioadhesive. Each completely
integrated device was then placed into one well of a 24-well plate with 500 μL medium for
further use.

2.4. Morphology and viability of PC12 cells w/o nerve growth factor
Determination of cell viability of cultured PC12 cells was performed by light microscopy
using live/dead staining. Staining solution was prepared by diluting 2 mM ethidium
homodimer-1 (ED-1) in D-PBS, producing 4 μM ED-1 solution. The addition of 4 mM
calcein AM stock solution resulted in 2 μM calcein AM. PC12 cells were removed from the
devices at different times, washed once with PBS, and incubated with staining solution at 37
°C for 25 min in the dark. After washing three times with D-PBS, samples were observed
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under a fluorescence microscope (Nikon TS100, Japan). Live cells were labeled with calcein
AM and produced green fluorescence at a wavelength of 485±10 nm, while dead cells were
labeled with ED-1 and emitted red fluorescence at a wavelength of 530±12.5 nm.

2.5. Microcapsule degradation by GLN and alkali
To assess the ability of GLN and alkali to degrade A-GD-PLL microcapsules with or
without PC12 cells, 20 mM GLN was added to a 24-well plate containing microcapsules in
solution (PBS and culture medium) at 37 °C for 30 min. The pH of the solution was
monitored using a pH monitor. Microcapsule morphology was observed using a
fluorescence microscope (Nikon TS100) after 30 min and 24 h.

2.6. Viability of microencapsulated PC12 cells following exposure to IgG
A-GD-PLL microcapsules containing PC12 cells (~3.0×105 cells) were incubated with a
GLN solution for either 30 min or 2 h at 37 °C. Following incubation, the GLN solution was
replaced by fresh medium containing 1 mg/ml IgG. Cell proliferation was measured after 24
and 48 h using an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-
sulfophenyl)-2H-etrazolium] assay. 100 μl of CellTiter 96® AQueous One Solution was
added to each well of a 24-well assay plate containing 500 μl of the aforementioned
medium. The microtiter plate was incubated at 37 °C for 1.4 h in a humidified atmosphere
containing 5% CO2. Concentration changes were identified by color changes in the medium
and the absorbance at 492 nm was measured using a micro-plate reader (Tecan, GENois Pro,
San Jose, CA).

2.7. Dopamine release and device biocompatibility
Dopamine secretion from PC12 cells contained within A-GD-PLL microcapsules alone and
after incorporation of the microcapsules into PCL chambers was conducted in 24-well plates
containing 500 μl medium. Dopamine levels were measured using a Dopamine ELISA kit
according to the manufacturer’s instructions.

To assess in vivo PC12 cell dopamine release and biocompatibility of the PCL device,
immunocompetent Balb/c mice (The Jackson Laboratory, Bar Harbor, ME) were implanted
with PEGMA modified PCL chambers loaded with PBS, alginate-PLL microcapsules, or the
newly developed A-GD-PLL microcapsules. All mice were maintained at the animal
facilities of The Ohio State University, accredited by The Association for the Assessment
and Accreditation of Laboratory Animal Care International (AAALAC). Mice were housed
under standard conditions with a 12-hour light/dark cycle. Both water and food were
provided ad libitum. The animal protocol (2009A0179) was approved by the Institutional
Animal Care and Use Committee (IACUC) at The Ohio State University prior to initiation
of the research. The devices were implanted subcutaneously as previously described [37].
Weekly blood samples were obtained for measurements of C-reactive protein (CRP) and
dopamine. On Day 30, the mice were euthanized and the tissue surrounding the implanted
devices was harvested and subjected to H&E staining. The tissue specimens were analyzed
by an expert pathologist for evidence of inflammation. Statistical analysis was performed
using the Student’s t-test at a significance of p<0.005. All data reported are means±SD,
unless otherwise noted.

3. Result and discussion
As a result of our sophisticated cell-based design, we first carried out a series of experiments
in vitro to evaluate the function of each individual component. We subsequently evaluated
device performance including in vitro and in vivo dopamine secretion. We also evaluated
the tolerability of our device by the host immune system.
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3.1. Component evaluation
3.1.1. Morphology and viability of PC12 cells within the PCL chamber—Nerve
growth factor (NGF), a small secreted protein with a molecular weight around 26,000 Da, is
critical for the growth, maintenance, and survival of a wide variety of target cells. Using the
PCL membranes with a pore size of 20–30 nm, we were able to achieve a constant release of
NGF through the PCL nanoporous gate (data not shown). Approximately 5.0 ng/ml of NGF
was released every 48 h, which is capable of supporting PC12 cell viability.

The effect of NGF supplementation on PC12 cell growth and viability in the device was
examined in vitro (Fig. 3). A-GD-PLL microcapsules containing PC12 cells were cultured
alone in 24-well plates (Fig. 3A & B). On Day 14, PC12 cells cultured in the absence of
NGF grew in small clusters (<100 μm in diameter) (Fig. 3A). In contrast, NGF
supplementation (50 ng/ml) stimulated PC12 cells to form large spheroids ~200 μm in
diameter (Fig. 3B). Using immunofluorescence staining, cell death was found to be
abundant in the clusters of PC12 cells that lacked NGF supplementation. On the other hand,
the majority of PC12 cells supplemented with NGF were alive with only a few dead cells
present on the inner membrane of the microcapsules (Fig. 3C & D). These findings indicate
that the proliferation and growth of PC12 cells within A-GD-PLL microcapsules were
significantly enhanced by supplementation with NGF.

A-GD-PLL microcapsules containing PC12 cells were also incorporated into a fully
integrated PCL device (Fig. 3E & F). Lack of PCL-NGF capsules within the PCL chambers
led to the generation of very small PC12 cell clusters (<50 μm in diameter) (Fig. 3E). In
comparison, cell cluster formation within A-GD-PLL microcapsules ranged from 70 to 140
μm when a PCL-NGF capsule (5.0 ng/ml) was present within the PCL integrated device
(Fig. 3F).

3.1.2. Microcapsule degradation and cell apoptosis upon exposure to GLN
and alkali—Nanoporous membrane of microcapsules is formed by the complexion of
alginate and polycationic polymers such as high molecular weight PLL or chitosan [38].
Formation of nanoporous membranes using low molecular weight PLL alone is not feasible
due to insufficient cross-linking between –NH2 (in PLL) and –COOH (in alginate) groups.
DTBP was therefore used to form stable cross-links with low molecular weight PLL. DTBP
contains an amine-reactive imidoester that reacts with primary amines at a certain pH range
(8–10) to form stable amidine bonds. The amidine is protonated and possesses a positive
charge at physiological pH [39]. DTBP cross-linking can be easily reversed by the addition
of reducing agents, such as glutamine.

Fig. 4 shows the degradation of A-GD-PLL microcapsules following exposure to GLN over
time. Without GLN, A-GD-PLL microcapsules exhibit a spherical shape (Fig. 4A). When
the microcapsules were immersed in culture medium supplemented with GLN, they began to
degrade in a bivalve fashion along their equator after 30 min (Fig. 4B). Microcapsule
degradation was nearly complete after 24 h (Fig. 4C). GLN addition triggered the cleavage
of –S–S– bonds within DTBP-PLL, initiating microcapsule degradation. The addition of
GLN also increased the pH of the culture medium to ~8.5 after 24 h. Complete microcapsule
degradation was not observed until the pH was adjusted to ~10 by the addition of sodium
hydroxide to the culture medium (Fig. 4D). This caused the dissociation of the
polyelectrolyte complexation between alginate and polylysine, leading to the disappearance
of the microcapsule membrane. It is well known that the medium pH influences cell
viability, and most cells cannot grow in media with pH values >9. In this study, the addition
of GLN only increased the media pH to ~8.5 and therefore some cells remained alive. As the
media pH was adjusted to above 10 with sodium hydroxide, all cells underwent cell death.
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To achieve controlled degradation of our PCL device, both GLN and sodium hydroxide
were loaded into a small PLGA pellet. The dissolution time of the A-GD-PLL
microcapsules was found to be dependent on the degradation rate of the PLGA pellet. Once
the PLGA cover degraded, GLN and sodium hydroxide were burst-released, leading to the
dissolution of the microcapsules with eventual PC12 cell death. PLGA with a one month
degradation rate was used in this study. For clinical applications, other biodegradable
polymers such as PCL may be better suited because they will not affect the medium pH
value within the PCL device. By manipulating the degradation rate of the polymer material
used for GLN pellets we can control the burst degradation rate of the A-GD-PLL
microcapsules.

Fig. 5 compares the cell viability of microencapsulated PC12 cells when the cell-containing
A-GD-PLL microcapsules were incubated with or without a GLN solution (50 ng/ml) for 30
min, which was subsequently replaced by fresh medium containing 1 mg/ml IgG for 24 and
48 h. The viable cell number was linearly related to the optical density (OD) of MTS. The
OD value PC12 cell viability was significantly lower in the presence of GLN at both 24 and
48 h. GLN led to A-GD-PLL microcapsule degradation enabling the immune molecule IgG
to diffuse within the microcapsule and cause the cell death, which is in correspondence to a
lower OD value. PC12 cell death was found to be a direct result of the immune molecule
IgG in combination with the increased media pH by GLN.

The aforementioned results demonstrate the efficient cell culture and immunoprotection,
followed with controllable degradation of implanted cells. For applications where implanted
cells need to stay alive and eventually be integrated with the surrounding tissue, one can
reduce the GLN content and not placing any alkali materials in the system. Our
biodegradable nanoporous device may provide certain ‘adjustment time’ to allow foreign
cells to survive better in vivo.

3.2. Device evaluation
3.2.1. Release of PC12-derived dopamine in vitro and in vivo—The amount of
dopamine released from PC12 cells encapsulated within alginate-PLL microcapsules alone
and after implantation into a fully integrated PCL device loaded with A-GD-PLL
microcapsules was measured over the course of 40 days in vitro (Fig. 6A). For PC12 cells
not incorporated into the PCL device, the secretion of dopamine increased daily, reaching a
maximum value on Day 20. Dopamine secretion remained relatively constant over the
course of 20–40 days. This correlates with PC12 cell growth patterns observed previously
within alginate-PLL microcapsules. With regard to A-GD-PLL microcapsules incorporated
within integrated PCL devices, dopamine release followed a similar trend, reaching a
maximum concentration level on Day 20. Dopamine secretion notably decreased until Day
40 as a result of A-GD-PLL microcapsule degradation and PC12 cell death by GLN and
alkali release as described previously.

Serum dopamine levels from various groups of mice can be seen in Fig. 6B. PCL devices
loaded with PBS produced baseline levels of dopamine. Integrated PCL devices containing
alginate-PLL microcapsules or A-GD-PLL microcapsules secreted statistically significantly
higher levels of dopamine over the course of 4 weeks as compared to control. Dopamine
levels plateaued around week three likely because of PC12 cell population stabilization
inside the microcapsules. A-GD-PLL microcapsule degradation secondary to GLN and
subsequent PC12 cell death may have contributed to the slight decrease in dopamine
observed in the PCL devices containing A-GD-PLL microcapsules. PLGA-GLN pellets and
small PCL capsules containing nerve growth factor serve as examples to demonstrate the
multiple functionality of this device. Depending on applications, fewer or more components
can be placed in the chamber.
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3.2.2. In vivo C-reactive protein testing and inflammation analysis—C-reactive
protein (CRP) is an acute phase protein that can be measured in the serum of mice and is felt
to be indicative of overall levels of inflammation. Fig. 7 summarizes the serum CRP
concentrations of mice implanted with PCL devices with different contents. Control
conditions consisted of untreated mice and mice injected with an alginate-PLL microcapsule
solution without prior implantation into a PCL device. Untreated mice produced relatively
low levels of serum CRP. Mice implanted with alginate-PLL microcapsules exhibited the
highest level of serum CRP concentrations over the course of 4 weeks. However, similar
levels of serum CRP concentrations were measured in mice implanted with a PCL device,
irrespective of device contents, likely secondary to PEG-grafting. PEG-grafting improved
PCL device biocompatibility and was the critical factor that resulted in a gradual decrease in
serum CRP concentration over the course of 4 weeks.

Athymic mice were surgically implanted with various PCL devices or alginate-PLL
microcapsules alone (Fig. 8). After 30 days, mice were sacrificed and the remaining PCL
devices were removed. Tissue samples from mice implanted with PCL devices containing
PBS exhibited a mild mixed inflammatory infiltrate involving subcutaneous and
perivascular tissues (Fig. 8A). Samples from mice implanted with alginate-PLL
microcapsules and mice implanted with PCL chambers containing alginate-PLL
microcapsules exhibited the most severe inflammatory reactions (Fig. 8B and C). Tissue
from mice implanted with PCL devices containing A-GD-PLL microcapsules exhibited a
spectrum of inflammation ranging from no inflammation to a mixed inflammatory response.

4. Conclusion
In this study, we describe the design, fabrication and evaluation of a nanoporous, cell-based
device with controllable degradation for long-term drug release. Because of the variable
degradation rates and multifunctionality, this device possesses great possibility for use in
clinical practice. Using PC12 cells as a model, we demonstrated that controlled release of
NGF from a small nanoporous PCL capsule could facilitate cell growth and proliferation. In
addition, GLN and alkali released from a PLGA-GLN/alkali pellet resulted in A-GD-PLL
microcapsule degradation and eventual PC12 cell death. Our integrated device served as a
diffusion barrier, limiting the ability of the immune system from penetrating the nanoporous
membrane of both microcapsules and PCL chamber, enabling the release of cell-secreted
products and the diffusion of nutrients. Following a pre-specified degradation time, our
device design allowed for the safe clearance of implanted foreign cells and the remaining
device by the host immune system. The current device appeared to be tolerated by the host
even though some persistent inflammation was present at 30 days post-implantation.

The improved biocompatibility and the controlled biodegradability of the integrated device
have the potential to reduce the problems seen previously with implanting living foreign
cells and microcapsules in vivo. For further clinical applications, the antigenicity of
therapeutic drugs via this integrated biodegradable device and a panel of toxicity studies will
be conducted. In the future, one could utilize engineered cells derived from human stem
cells or induced pluripotent stem cells (iPSCs) to deliver dopamine or other biologically
active compounds useful in the treatment of clinical diseases. Integrated biodegradable
devices hold promise for the future treatment of a variety of diseases.
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Fig. 1.
Design of a multifunctional and biodegradable cell-based device. A-GD-PLL microcapsules
containing PC12 cells were enclosed within a large nanoporous PCL chamber and cultured
with a small PCL-NGF chamber. Therapeutic levels of dopamine were produced and
released from the integrated device. A-GD-PLL microcapsule degradation was initiated
following exposure to GLN. After a designated time (varies based on PCL outer chamber
degradation rate), the entire device degraded and PC12 cells were cleared by the host
immune system.

He et al. Page 11

J Control Release. Author manuscript; available in PMC 2013 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Schematic diagram of DTBP-PLL synthesis and GLN cleavage. A-GD-PLL microcapsules
were generated by cross-linking dimethyl dithiobispropionimidate (DTBP) with PLL at a 2:1
molar ratio of DTBP to primary amine. The addition of GLN results in DTBP-PLL
cleavage.
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Fig. 3.
A-GD-PLL microcapsules containing PC12 cells in a 24-well plate on Day 14: Phase
contrast images of (A) PC12 cells grow to small clusters without NGF, (B) PC12 cells grow
to large spheroids with NGF supplementation, and fluorescence images of (C) PC12 cells
growth without NGF, and (D) PC12 cells growth with NGF. In images (C) & (D), the living
cells showed the green color and the dead cells stained the red color. Phase contrast images
of (E) PC12 cell growth within PCL devices without PCL-NGF capsules, (F) PC12 cell
growth in the presence of PCL-NGF capsules. Scale bar: 100 μm.
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Fig. 4.
A-GD-PLL microcapsule degradation following GLN exposure. A-GD-PLL microcapsules
were incubated in PC12 culture medium (A) without GLN, (B) with GLN for 30 min, (C)
with GLN for 24 h, and (D) with GLN/Alkali. In C, the pH of the culture medium increased
to 8.5 because of the presence of GLN. The pH value in D was manually adjusted by adding
sodium hydroxide solution. Scale bar: 200 μm.
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Fig. 5.
Microencapsulated PC12 cell viability in the presence of GLN. Comparison of
microencapsulated PC12 cell viability following incubation with or without a GLN solution
for 30 min which was subsequently replaced with fresh containing 1 mg/ml IgG for 24 and
48 h. Data were derived from n=3 samples. *p<0.005.
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Fig. 6.
(A) Comparison of dopamine release profiles in vitro. PC12-derived dopamine was
measured following culture within alginate-PLL microcapsules or implantation in a fully
integrated PCL device loaded with A-GD-PLL microcapsules. (B) Comparison of serum
dopamine concentrations in mice implanted with PCL devices loaded with PBS, alginate-
PLL microcapsules, or A-GD-PLL microcapsules. Data were derived from n=3 devices for
each condition. *Statistically significant increase in serum dopamine concentration
compared to PBS control device (p<0.005).
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Fig. 7.
Comparison of CRP levels in the serum of mice implanted with various PCL devices.
Control conditions consisted of untreated mice and mice implanted with alginate-PLL
microcapsule alone. Data were derived from n=3 devices for each condition. * Statistically
significant decrease in serum CRP concentration as compared to controls (p<0.005).
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Fig. 8.
Microscopic images of the inflammatory reaction produced by (A) PBS loaded capsules, (B)
alginate-PLL microcapsules, (C) capsules loaded with alginate-PLL microcapsules, and (D)
capsules loaded with A-GD-PLL microcapsules in immunocompetent mice on Day 30. All
images taken at 200×. A: Occasional mast cells and lymphocytes. B: Prominent chronic
inflammation with a predominance of lymphocytes. C: Mixed inflammatory infiltrate with a
predominance of neutrophils, occasional eosinophils and lymphocytes. D: Rare lymphocytes
present (near normal histology).
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