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Abstract

In this study, we report the preparation of a novel microcapsule of ~ 100 um with a liquid (as
compared to solid-like alginate hydrogel) core and an alginate-chitosan-alginate (ACA) shell for
encapsulation and culture of embryonic stem (ES) cells in the miniaturized 3D space of the liquid
core. Murine R1 ES cells cultured in the microcapsules were found to survive (> 90%) well and
proliferate to form either a single aggregate of pluripotent cells or embryoid body (EB) of more
differentiated cells in each microcapsule within 7 days, dependent on the culture medium used.
This novel microcapsule technology allows massive production of the cell aggregates or EBs of
uniform size and controllable pluripotency, which is important for the practical application of stem
cell based therapy. Moreover, the semipermeable ACA shell was found to significantly reduce
immunoglobulin G (IgG) binding to the encapsulated cells by up to 8.2 times, compared to non-
encapsulated cardiac fibroblasts, mesenchymal stem cells, and ES cells. This reduction should
minimize inflammatory and immune responses induced damage to the cells implanted /n vivo
becasue 1gG binding is an important first step of the undesired host responses. Therefore, the ACA
microcapsule with selective shell permeability should be of importance to advance the emerging
cell-based medicine.
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Introduction

Transplantation of encapsulated cells (particularly stem cells) has been proposed to be a
promising cell-based treatment for a wide variety of malfunctions such as diabetes,
metabolic deficiencies, liver failure, cancer, and neurodegenerative and cardiovascular
diseases.1~8 Alginate has been one of the most commonly used biomaterials for cell
encapsulation, probably due to its natural origin (in seaweeds) and excellent
biocompatibility.8-12 A unique property of alginate is that it forms hydrogel under mild
condition (in the presence of divalent cations such as Ca2*) that is not very harmful to living
cells,11-13 which we and others have utilized to prepare cell-loaded plain (or pure) alginate
microbeads by electrospray and microfluidic flow focusing.14-16

Plain alginate microbeads, however, might not be used to effectively block the humoral
component of host immune system such as immunoglobulin G (IgG) to achieve effective
immunoisolation (i.e., to protect the encapsulated cells from being attacked by the host
immune system) that is desired for nonautologous cell transplantation. Therefore, poly- £+
lysine (PLL, a polycation) has been used to coat the plain alginate (a polyanion) microbeads
to allow for further permeability control and the PLL coated alginate microbeads were
usually further coated with alginate to form the so-called alginate-PLL-alginate or APA
microcapsules.17-20 However, recent studies suggest that PLL in APA microcapsules might
induce inflammatory cytokine release from host immune cells, which can cause cellular
necrozsgszz;nd contribute to fibrotic overgrowth around encapsulated cells after implantated 77
Vivo.sY-

Chitosan, a polysaccharide of natural origin, has attracted much attention recently as a
promising alternative to PLL for coating plain alginate microbeads due to its excellent
biocompatibility.24-28 Nonetheless, there is only one study so far that reported successful
replacement of PLL with chitosan to prepare ACA (alginate-chitosan-alginate)
microcapsules of ~ 250 wm with a solid-like core of alginate hydrogel for encapsulating
bacterial (E. coli) cells.?? This study also showed that ACA microcapsules have better
mechanical and chemical stability than APA microcapsules. However, no study has been
reported to encapsulate any cells in ACA microencapsules with a liquid core.

In addition, although microcapsules greater than 250 pm have been used dominantly in the
past studies of cell encapsulation with promising outcomes, smaller microcapsules may be
desired.18 This is because the typical distance between two capillaries in a normal epithelial
tissue is ~ 100 wm and cells in the middle zone between two capillaries would suffer
deprivation of nutrients and oxygen when the distance becomes greater under diseased
conditions.”:8:22:30-34 Cel| death in microcapsules should be minimized as dead/dying cells
can release chemokines that can induce undesired inflammatory/immune responses.3°:36
Moreover, smaller microcapsules have been shown to exhibit better mechanical stability to
minimize microcapsule burst and consequently better biocompatibility.3”-40 Therefore,
microcapsules of ~ 100 pum (whose volume is only one fifteenth of that of the 250 um
microcapsules assuming a spherical morphology) or smaller may be desired for sufficient
transport of nutrients, oxygen, and metabolites for all encapsulated cells to survive and
better outcome after implantation /in vivo.

In this study, we report the successful preparation of ~ 100 um ACA microcapsules with a
liquid (as compared to solid-like alginate hydrogel) core that is desired for ES cell culture.
Murien R1 ES cells encapsulated in the ACA microcapsules were observed to survive (>
90%) and proliferate well in the miniaturized 3D space of the liquid core. We further
demonstrated that the ACA microcapsules exhibit robust selectivity of permeability to
external molecules: They can block IgG while allowing efficient transport of smaller
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molecules necessary for the survival and pluripotency control of the encapsulated ES cells.
These results suggest that the ~ 100 pm ACA microcapsule should be very useful for cell
microencapsulation to advance the emerging cell-based medicine.

Materials and Methods

Materials

Cell culture

Purified sodium alginate (type M) was purchased from Medipol (Lausanne, Switzerland).
Chitosan of pharmaceutical grade (80 kD, ~ 95% deacetylation) was obtained from Weikang
Biological Products Co. Ltd (Shanghai, China). The live/dead viability/cytotoxicity kit for
mammalian cells, trypsin/EDTA, and regular DMEM (high glucose) were purchased from
Invitrogen (Carlshad, CA). Fetal bovine serum, penicillin, and streptomycin were purchased
from Hyclone (Logan, Utah). Konckout® DMEM and Konckout® serum, LIF (leukemia
inhibitory factor) were purchased from Millipore (Billerica, MA). Fluorescein
isothiocyanate-immunoglobulin G (FITC-1gG) of human origin, FITC-dextran, and all other
chemicals were purchased from Sigma (St. Louis, MO) unless specifically indicated
otherwise.

R1 murine embryonic stem (ES) cells from ATCC (Manassas, VA) were cultured in ES cell
medium made of Konckout® DMEM supplemented with 15% Konckout® serum, 1000 U/
ml LIF, 4 mM L-glutamine, 0.1 M 2-mercaptoethanol, 10 pg/ml gentamicin, and 100 U/ml
penicillin and 100 pg/ml streptomycin using gelatin coated tissue culture flasks. C3H10T1/2
mesenchymal stem cells (MSCs) from ATCC were cultured in regular DMEM with 10%
fetal bovine serum, 100 U/mL penicillin and 100 mg/L streptomycin. Primary neonatal
cardiac fibroblasts were cultured in DMEM/F-10 mixture (1:1) supplemented with 10%
FBS, 100 U/ml penicillin, and 100 p.g/ml streptomycin. All cells were cultured at 37 °C in a
humidified 5% CO, incubator. On the day of experiments, the cells in culture were collected
by detaching from culture dishes or flasks with trypsin/EDTA digestion, centrifuged for 3
minutes at 960 rpm, and resuspended in a 0.9 % (w/v) sodium chloride solution
(physiological saline) for further experimental use.

Preparation of alginate-chitosan-alginate (ACA) microcapsules

The procedure for preparing ACA microcapsules is illustrated in Scheme 1. First, detached
cells in physiological saline were centrifuged and re-suspended at a density of 5 x 10° cells/
ml in 2% (w/v) sodium alginate solution with 0.25 M mannitol. The cell suspension was
then transferred into a 3 mL syringe for preparing plain alginate microbeads encapsulated
with cells using electrospray. This was done by pushing the cell suspension through a 30
gauge syringe needle with a blunt tip and spraying it under an electrostatic field into 150
mM calcium chloride solution in a gelling bath, as detailed elsewhere by us.14 The distance
between the syringe needle tip and the surface of the calcium chloride solution in the gelling
bath was 5.5 mm, a 0.84 kV electrostatic potential was applied on the needle tip, and a spay
flow of 2.5 ml/hr was used. All solutions used for cell microencapsulation were buffered
using 10 mM HEPES to maintain the solution pH between 7.2 and 7.4.

To prepare ACA microcapsules encapsulated with cells of high viability, the plain alginate
microbeads generated by electrospray were washed using 0.5 M mannitol solution for 3 — 10
minutes and suspended in 0.1 — 0.5 % (wt) chitosan solution (pH 6.5 — 6.6) for 3 - 10
minutes for chitosan coating to obtain alginate-chitosan (AC) microcapsules. The chitosan
solution was made by dissolving chitosan (80 kD) in saline at pH 4.83 (adjusted by adding
85 pl acetic acid in 20 ml saline) and the pH of the solution was brought back to 6.5 - 6.6 by
titration using NaOH. The AC microcapsules were then suspended in saline with 0.15 % (w/

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 4

v) sodium alginate to counteract the rudimental charges of the coated chitosan (i.e., further
alginate coating), giving rise to the ACA microcapsules with a solid-like core of alginate
hydrogel. Lastly, the solid-like alginate hydrogel core was liquefied by ion chelation to
remove Ca2* from alginate in the core using a 55 mM sodium citrate solution for 5 min to
obtain alginate-chitosan-alginate (ACA) microcapsules with a liquid core and a thin
alginate-chitosan-alginate (ACA) membrane or shell. The ACA microcapsules with a liquid
core are of importance for encapsulating and culturing embryonic stem (ES) cells because it
is desired for the encapsulated ES cells to proliferate, aggregate, and form embryoid body
(EB) for further differentiation.#1-43 ACA microcapsules with a liquid core without cells
were also prepared in the same way for characterization of their chemistry and shell
permeability.

Characterization of the ACA microcapsules

To measure the surface charge (represented by surface zeta potential), microbeads or
microcapsules without cells were suspended in de-ionized (DI) water and their surface
charge measured quickly using a Brookhaven (Holtsville, NY) zeta potential analyzer. The
chemistry of the microcapsule synthesis was studied using a PerkinElmer Spectrum 100
ATR-FTIR, for which the samples were suspended in DI water and then freeze-dried for
further analysis. To test shell permeability, the microbeads or microcapsules were added into
2 ml of 0.05% (w/v) FITC-1gG (MW: 160 kD) or FITC-dextran (MW: 4.4 kD) solution and
incubated for either 1 or 12 hr at 37 °C. Afterwards, the microcapsules were studied using a
Zesis LSM 510 META confocal laser-scanning microscope to examine the distribution of
the fluorescence probes (FITC-1gG and FITC-dexran) inside and outside of the
microparticles.

Viability, culture, and proliferation of encapsulated ES cells

Viability of the encapsulated cells was determined using the standard live/dead assay kit
from Invitrogen. Green (live cells) and red (dead cells) fluorescence images were collected
separately and merged using NIH ImageJ to determine cell viability as the ratio of viable
cells to total cells counted. The encapsulated ES cells were cultured in cell culture inserts
(BD Falcon) immersed in medium in the companion plate (BD Falcon) of the inserts (to
avoid microcapsule loss during changing medium) under different conditions: Complete ES
cell medium for 0-7 days followed by either ES cell medium without LIF or regular culture
medium (containing regular DMEM, 10% serum, 100 U/ml penicillin and 100 p.g/ml
streptomycin) for 7-0 days for a total of 7 days with the culture medium being replenished
daily unless specifically indicated otherwise. Proliferation of ES cells in microcapsules
under the various culture conditions was monitored as the formation of either a single cell
aggregate of pluripotent cells or embryoid body (EB) in each microcapsule.

Quantitative real time RT-PCR (qRT-PCR) study of gene expression

For gRT-PCR studies, RNAs were isolated from the encapsulated cells using the TRIzol®/
Plant RNeasy® Mini Kit method with modification.* Briefly, the encapsulated cells were
washed twice using physiological saline. After cell lysis using TRIzol® reagent
(Invitrogen), 0.2 ml of chloroform per 1 ml of TRIzol® reagent was used for phase
separation of the lysate. The aqueous phase containing RNAs was gently collected. Next, 0.5
ml of isopropanol per 1 ml TRIzol® reagent was added to the aqueous phase to precipitate
RNAs. Afterward, the precipitated RNAs were dissolved using the RLT buffer from the
Plant RNeasy® Mini Kit (Qiagen) and RNA purification was performed following the
manufacture's instructions. Next, reverse transcription was carried out to generate
complementary DNAs (cDNASs) using the iScript™ cDNA synthesis kit (Bio-Rad). This was
done by mixing the purified RNAs with the reverse transcriptase and mix reagent from the
kit according to the manufacture's instruction. The reverse transcription reaction was

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 5

performed using a GeneAmp PCR system (model 9700). Quantitative PCR studies were
done with the SYBR Green mix (Bio-Rad) using a Bio-Rad CFX96 real time PCR machine.
Relative gene expression was calculated using the A AC; method built in the Bio-Rad
software where C; is cycle threshold defined as the number of cycles required for amplifying
a gene detected as fluorescence signal (using fluorescence probe in the above-mentioned
SYBR Green mix in a sample) to exceed the background fluorescence level. In this method,
the difference in C; between a specific gene of interest (GOI such as Oct4) and house
keeping gene (HKG such as GAPDH here) and the difference in C; of HKG between control
and non-control conditions are calculated as AC; goj and AC; ke, respectively. The further
differenece (i.e., AAC; goy) between AC; oy and ACy, HKG is used to calculate the times
of amplification of the GOI with respect to HKG as 242 ¢tGol, which should eliminate any
potential random error in calculating the amplication induced by accidental variations (e.g.,
due to pipetting) in the signal of HKG between different conditions. The following genes
and primers were used in this study: Oct4, 5-GAAGCCCTCCCTACAGCAGA-3' and 5'-
CAGAGCAGTGACGGGAACAG-3'; Sox2, 5-GCATGTCCTACTCGCAGCAG-3 and 5'-
GCTGATCATGTCCCGGAGGT-3'; Nanog, 5'-CCCCAC AAGCCTTGGAATTA-3'and 5'-
CTCAAATCCCAGCAACCACA-3; KIf2, 5-CTGCTGGAGGCCAA GCCCAA -3' and
5'AGGTGGTCGGACCTGGAGAA-3'; Nestin, 5-GGAGTGTCGCTTAGAGGTGC-3' and
5'-T CCAGAAAGCCAAGAGAAGC-3'; gooscoid (GSC), 5'-
AAACGCCGAGAAGTGGAACA AG-3'and 5'-AAGGCAGGGTGTGTGCAAGTAG-3;
Brachyury (T), 5-CTCTAATGTCCTCCCTTG TTGCC-3'and 5'-
TGCAGATTGTCTTTGGCTACTTTG-3'; a-fetoprotein (AFP), 5-GCCACCGAGG
AGGAAG TG-3'and 5'-AGTCTTCTTGCGTGCCAG C-3'; and GAPDH, 5'-
CTCTGGCTCAGAGGG TTTGG-3' and 5'-ACAGAAACCAGT GGGCTTTGA -3'. Oct4,
Sox2, Nanog, and KIf2 are pluripotent genes while nestin is for ectoderm, GSC and T for
mesoderm, and AFP for endoderm.

Flow cytometry study of IgG-cell binding

For flow cytometry studies, cells encapsulated in pure alginate microbeads or ACA
microcapsules were incubated with 150 pg/ml FITC-1gG overnight. The microbeads or
microcapsules were then collected and rinsed 3 times with 0.5 M mannitol. The cells
encapsulated in pure alginate microbeads were released by ion chelation to liquefy the Ca%*
cross-linked alginate using 150 mM sodium citrate solution. To release cells from the ACA
microcapsule, the ACA shell were chemically broken using a buffer solution containing 200
mM sodium bicarbonate and 60 mM sodium citrate. The released cells were collected by
centrifuge, followed by fixation using 4% formaldehyde. Afterward, the samples were
analyzed using a BD LSR Il Flow Cytometer. Nonencapsulated (attached) cells either with
or without incubating with FITC-1gG overnight were also studied as the positive and
negative control, respectively. The flow cytometry data of encapsulated cells with two peaks
were analyzed using Origin (v8.6, OriginLab, Northampton, MA) to identify the peak as a
result of 1gG binding to cells, based on the single flow cytometry peak of nonencapsulated
cells either with or without incubating with 1gG, as detailed in Fig. S1. The results of flow
cytometry data are reported as the percentage of 1gG bound (or positive) cells (counts) to
total cells (counts) studied.

Statistical analysis

All results are reported as the mean + standard deviation (SD) of data from at least three
separate runs. Student's two-tailed #test assuming equal variance was calculated using
Microsoft® Excel to determine statistical significance (p < 0.05).
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Results and discussion

Preparation and characterization of ACA microcapsules without cells

To prepare the ACA microcapsules, plain or pure alginate microbeads of ~ 100 m were
first fabricated by electrospray as we did before.14 Coating the small alginate microbeads
with either chitosan or PLL, however, turns out to be extremely challenging because of
microcapsule collapse (Fig. 1A). We resolved this problem by washing (before coating in
chitosan/PLL solution) the microbeads in 0.5 M mannitol solution instead of physiological
saline although the latter has been commonly used in the procedure for coating PLL on 250
pm or larger alginate microbeads. The concentration of chitosan solution was found to have
great influence on the outcome of coating. When low (0.1%) concentration of chitosan
solution was used, the microcapsules became broken/collapsed/wrinkled and were not easily
visible after liquefying the alginate core to obtain ACA microcapsules with a liquid core
(Fig. 1B). This is presumably because the amount of chitosan that could be coated on the
alginate microbead is little during a time frame of 3-10 min and the ACA shell would be too
loose to maintain the spherical morphology after liquefying the alginate core. On the other
hand, the resultant ACA microcapsules tended to stick to each other when the chitosan
concentration was 0.5% or higher (Fig. 1C). This is possibly because the positive charge of
chitosan is not always perfectly counteracted by the negatively charged alginate in one
microcapsule, which allows the interaction between alginate and chitosan in different
microcapsules. Moreover, the use of 0.5% chitosan could compromise the viability of cells
encapsulated in the core during chitosan coating, as shown in Fig. S2. However, a coating
time between 3 to 10 min had no significant impact on the microcapsule size and
morphology, which should allow permeability control of the coated shell. Fig. 1D shows
liquid core-shell ACA microcapsules of ~ 100 wm with good morphology prepared by
coating for 3 min in 0.4% chitosan solution, a condition used to make ACA microcapsules
for all further characterization and ES cell encapsulation studies in this paper.

As shown in Fig. 1E, the plain alginate (a polyanion) microbeads had a negative surface zeta
potential and it became positive for the alginate-chitosan (AC) microcapsules, indicating
successful coating of chitosan (a polycation) over the microbeads. The ACA microcapsules
showed a negative surface zeta potential, presumably due to successful coating of alginate
over the chitosan layer.

The successful preparation of ACA microcapsules was further confirmed by the ATR-FTIR
data (Fig. 1F). The spectra of AC and ACA microcapsules display characteristic peaks of
both alginate and chitosan (see Fig. S3 for the FTIR spectra over a wider range of
wavenumber and Table S1 for detailed peak assignment). The peaks in the 950-1200 cm™1
region that are a result of various vibrations of the carbohydrate ring, the building blocks of
both alginate and chitosan, are clearly observable on all the spectra. The peak at 1410 cm™1
due to symmetric stretch of carboxylate ion (COO™) in alginate is present on the spetra of
sodium alginate, pure alginate microbead, AC microcapsules, and ACA microcapsules. The
antisymmetric strecth of carbonylate ion at 1600 cm™1 of sodium alginate has been reported
to be sensitive to the presence of crosslinking agents such as the divalent cations (Ca2*) used
in this study.*® This band shifted to 1592 cm™1 (right shift) for the plain (Ca2* crosslinked)
alginate microbeads compared to sodium alginate, which presumably was a result of the
increase in the strength of ionic interaction after sodium ions were replaced by calcium ions
in the alginate microbeads. On the contrary, this band shifted from 1587 cm™1 (for AC
microcapsules) to 1595 cm™1 (for ACA microcapsules) (left shift), presumably due to the
replacement of Ca2* with Na* during the last coating and liquefying steps using sodium
alginate and citrate, respectively. Moreover, a new peak (arrows) near 1538 cm™1 appeared
on both the AC and ACA microcapsule spectra, which presumably is a result of the
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formation of physically crosslinked alginate-chitosan complex in the AC and ACA shell
after chitosan coating.

Capability of the ACA microcapsule for encapsulating and culturing ES cells to form a
single aggregate of uniform size and controllable pluripotency per microcapsule

Typical phase and fluorescence images of R1 ES cells immediately after encapsulating in
the ACA microcapsules with a liquid core showing high cell viability (> 90%, green stain)
are given in Fig. 2A and B, respectively. Approximately 5 cells could be encapsulated in
each microcapsule on average. The microbeads for preparing the ACA microcapsules were
made by electrospray using 0.25 M mannitol solution (rather than 0.9% sodium chloride
solution or physiological saline that was commonly used in the past) containing 2% alginate
and 5 x 10° cells/ml cells. We found that using the mannitol solution in this step is crucial
for maintaining high cell viability and the cell viability was usually less than 70% when
physiological saline was used. This observation could be partially attributed to the anti-
oxidative capability of mannitol.46-48

Typical phase and fluorescence images showing the formation of a single cell aggregate of
uniform size in each ACA microcapsule with high cell viability after 7-day culture of the
encapsulated ES cells in complete ES cells medium are given in Fig. 2C and D, respectively.
For ES cells encapsulated in ACA microcapsules with an alginate hydrogel core, however,
the cells proliferated to form multiple aggregates of non-uniform size and irregular shape in
each microcapsule (Fig. S4). This is presumably because the crosslined alginate fiber can
block the continuous aggregation of ES cells in the core. Moreover, we found that culturing
the ES cells during the first 2 days after encapsulation in complete ES cell medium is
necessary to maintain high viability of the cells so that they can proliferate to form cell
aggregates. Otherwise, the cell would die and no cell aggregate could be observable (data
not shown). This might be a result of the differentiation of some ES cells in the absence of
supplements (particularly LIF) in the ES cell medium when non-ES cell medium was used,
the lack of extracellular matrix (ECM) in the microcapsule core for the differentiated cells to
attach, and the inability of the relative small number of differentiated cells in the
microcapsule to produce their own ECM timely for them to survive. Fig. 2E and F shows the
phase and fluorescence image of cell aggregates formed by culturing the ES cells in
complete ES cell medium during the first two days and then in regular medium (containing
regular DMEM, 10% serum, 100 U/ml penicillin and 100 g/ml streptomycin) for 5 days.
The formation of cell aggregates with high cell viability is clearly observable in the figure
although the cell aggregates are also smaller than that formed using complete ES cell
medium for 7 days showing in Fig. 2C-D. In all cases, the ACA microcapsules (liquid core)
were found to be stable and retain their morphological integrity after the 7 days in the ES
cell culture medium. Since the ES cells proliferate to confluence in 7 days culture in the
microcapsules, we further tested the capability of the microcapsules for cell culture of longer
time using C3H10T1/2 mesenchymal stem cells (MSCs) that proliferate much slower. It was
found that the microcapsules could retain their integrity and the MSCs could survive well
and proliferate to form aggregates under an extended culture of at least 49 days (Fig. S5).

We further performed quantitative real time RT-PCR (qRT-PCR) study of gene expression
in the aggregated cells made with either 7-day (Fig. 2C-D) or 2-day (Fig. 2E—F) culture in
the complete ES cell medium together with control ES cells. The results of expression for
four pluripotent and four more differentiated genes are shown in Fig. 2G and H,
respectively. As expected, the expression of the four pluripotent genes (Oct-4, Sox2, Nanog,
and KIf2) are the highest in the control ES cells, followed by the aggregated cells in the
microcapsules with 7-day culture in ES cell medium, and it is the lowest in the aggregated
cells with only 2-day culture in ES cell medium. On the contrary, the four more
differentiated genes (nestin for ectoderm, GSC and T for mesoderm, and AFP for endoderm)
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are much more highly expressed in the aggregated cells with only 2-day culture in ES cell
medium compared to both the control ES cells and the aggregated cells with 7-day culture in
ES cell medium. Therefore, the aggregated cells with 7-day culture in ES cell medium are
still very pluripotent while the cells in the aggregates with only 2-day culture in ES cell
medium are mostly differentiated into the ectodermic, mesodermic, or endodermic lineages,
which is typical for cells in embryoid bodies (EBS).

The above proliferation and gRT-PCR data demonstrate the critical role of culture time in
ES cell medium in maintaining the survival and pluripotency of the encapsulated ES cells. In
other words, cell aggregates at various pluripotent/differentiated stages could be easily
produced by control the time of culture in ES cell medium. Considering that hundreds of
microcapsules can be easily produced using electrospray in a few minutes (compared to the
labor-intensive hanging drop method that has been commonly used to make ES cell
aggregates or EBSs), this study provides the capability of conveniently preparing a large
number of ES cell aggregates or EBs with uniform size and the desired pluripotency (a
crucial step for ES cell differentiation), which should make the clinical applications of ES
cells more promising where availability of a large number of EBs is very much desired.#1-43
Moreover, these data indicate the capability of the ACA microcapsule shell in allowing
effective transport of nutrients, oxygen, and metabolic products including metabolic wastes
for the encapsulated ES (and differentiated) cells to survive and proliferate.

Capability of the ACA microcapsules for immunosiolation

To encapsulate cells for transplantation, besides allowing efficient transport of nutrients,
oxygen, and metabolic products (including wastes and therapeutic agents), the microcapsule
should have a shell permeability capable of blocking the humoral component of immune
system such as immunoglobulin G (IgG) as IgG binding to target cells could further induce
undesired inflammatory and immune responses that can cause cell death and implant
failure.13:22:30.49-51 Ajthough it has been taken for granted that the host immune system
would not be able to recognize embryonic stem cells because of their undifferentiated nature
and the lack of expression of major histocompatibity complex (MHC) on their membrane,
data from our flow cytometry studies (Fig. 3A) show that these cells can still be recognized
and attacked by the host immune system (via IgG binding) for non-autologous
transplantation. As shown in the figure, as with the much more differentiated mouse cardiac
fibroblasts, human IgG can bind to both the R1 ES and C3H10T1/2 mesenchymal stem
cells, a critical first step of immune attack to implanted cells of non-autologous origin.
Moreover, we found that the ACA microcapsules are significantly more efficient in blocking
the transport of IgG to bind with the encapsulated cells than the plain alginate microbeads (p
=0.016, 0.027, and 0.002 for cardiac fibroblasts, mesenchymal stem cells, and ES cells,
respectively). The plain alginate microbeads are particularly ineffective in reducing 1gG
binding to the ES cells although it can decrease the binding to cardiac fibroblasts and
mesenchymal stem cells by 2.1 and 3.6 times, respectively. The ACA microcapsules can
decrease percentage of 1gG binding to all the three types of cells to single digit by up to 8.2
times from 49 to 6%, 58 to 8%, and 21 to 5% compared to the nonencapsulated cardiac
fibroblasts, mesenchymal stem cells, and ES cells, respectively.

We further confirmed these observations from flow cytometry studies using confocal
microscopy. As shown in Fig. 3B, human IgG (labeled green) could diffuse into plain
alginate microcapsules after only 1 hour incubation with them. However, IgG was not
observable in the ACA microcapsules (dark appearance) even after 12 hr incubation (Fig.
3C). Considering that the diameter of 1gG is ~ 20-40 nm,>2-54 this result suggests that the
pores of the ACA shell are possibly on nanometer scale and less than ~ 20 nm if the
transport of 1gG across the shell is soley dependent on size. Moreover, small molecules such
as the 4.4 kD dextran (labeled green), which is larger than most nutrients for cell survival,
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can diffuse into the ACA microcapsules efficiently within one hour incubation (Fig. 3D). In
addition, the ACA membrane or shell is clearly visible as the dark ring in Fig. 3D for the
ACA microcapsules (liquid core) while no such shell structure is observable for the plain
alginate microbeads in Fig. 3B, further indicating successful preparation of ACA
microcapsules with a liquid core. Therefore, the ACA microcapsules that we made have
robust selectivity of shell permeability that allows not only effective transport of nutrients,
oxygen, and metabolic products for cell survival and pluripotency control but minimized
diffusion of the humoral components of immune system such as 1gG to bind and attack the
encapsulated cells. Nonetheless, further /n vivo studies are required to confirm the capability
of the ACA microcapsules in protecting the cells from adverse inflammatory and immune
responses after transplantation.

Summary and conclusions

We successfully prepared for the first time ~ 100 wm (the typical distance between two
capillaries in normal epithelial tissue) alginate-chitosan-alginate (ACA) microcapsules with
a liquid core for encapsulating embryonic stem (ES) cells with high (> 90%) viability. R1
ES cells encapsulated in the microcapsules were found to survive well and proliferate to
form a single cell aggregate of controllable pluripotency in each microcapsule within 7 days.
The ACA shell of the microcapsules was found to be selectively permeable to external
molecules: It can effectively block 1gG (160 kD) while allowing efficient transport of
nutrients, oxygen, and metabolic products for cell survival and therapy. Therefore, the ACA
microcapsule should be a promising system for encapsulating living cells (particularly those
of non-autologous origin) to advance the emerging cell-based medicine.
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Refer to Web version on PubMed Central for supplementary material.
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Typical phase images of microcapsules formed after coating (coating time: 3 min) plain

alginate microbeads with chitosan either without mannitol washing before coating in 0.4 %
chitosan solution (A) or with mannitol washing before coating in 0.1 % (B), 0.5 % (C), and
0.4 % (D) chitosan solution together with surface zeta potential (E) and ATR-FTIR spectra
(F) showing successful preparation of the ACA (alginate-chitosan-alginate) microcapsules

(liquid core): 1, sodium alginate; 2, chitosan; 3, plain alginate microbeads; 4, AC

microcapsules; 5, ACA microcapsules; and scale bar (applicable to all micrographs), 100

pm
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Fig. 2.

Typical phase and merged fluorescence images of the cell-loaded ACA microcapsules
(liquid core) showing live (green) and dead (red) ES cells at day 0 (A-B), after 7-day
cutlture in complete ES cell medium (C-D), after 2-day culture in complete ES cell medium
flowed by 5-day culture in regular culture medium (E—F) showing the formation of a single
cell aggregate in each microcapsule, together with quantitative real time RT-PCR (qRT-
PCR) data of four pluripotent genes (G) and four more differentiated genes (H) in the
aggregated cells and control ES cells: Nestin gene for ectoderm; GSC (gooscoid) and T
(brachyury) genes for mesoderm; AFP (a-fetoprotein) gene for endoderm; and scale bar
(applicable to all micrographs), 100 pm
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Fig. 3.

Flow cytometry data (A) showing the percentage of 1gG bound (positive) cells after
incubating cardiac fibroblasts (differentiated cells), C3H10T1/2 mesenchymal stem cells,
and R1 ES cells with FITC-1gG (160 kD) overnight and typical confocal fluorescence
images of the middle plane through plain alginate microbeads (B) and ACA microcapsules
(liquid core, C) after incubating with FITC-1gG (1 hr for B and 12 hr for C) together with
that of the ACA microcapsules after incubating with FITC-dextran (4.4 kD) for 1 hr (D):
The ACA shell is clearly visible as the dark ring in panel (D) for the ACA microcapsules
with a liquid core, but not in (B) for the plain alginate microbeads. Scale bar (applicable to
all micrographs): 100 pm
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Scheme 1.

A schematic illustration of the procedure for preparing ACA microcapsules with a liquid
core loaded with cells by 1, electrospraying to produce cell loaded plain alginate microbeads
(a solid microsphere of alginate hydrogel with no shell); 2, coating the microbeads with
chitosan to form aliginate-chitosan (AC) microcapsules (with an AC shell); 3, coating the
AC microcapsules further with alginate to form alginate-chitosan-alginate (ACA)
microcapsules (with an ACA shell and solid-like core of alginate hydrogel loaded with
cells); and 4, liquefying the alginate hydrogel core to give rise to the ACA microcapsules
with a liquid core loaded with cells: The letters G and M represent the guluronate and

mannuronate blocks in alginate, respectively.
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