1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Appl Biomater Funct Mater. Author manuscript; available in PMC 2017 October 01.

-, HHS Public Access
«

Published in final edited form as:
J Appl Biomater Funct Mater. ; 14(4): e395-e403. doi:10.5301/jabfm.5000299.

Bioencapsulation technologies in tissue engineering

Rebecca L. Majewskil2, Wujie Zhang?, Xiaojun Ma3, Zhanfeng Cui4, Weiping Ren®:6, and
David C. Markel>:®

1BioMolecular Engineering Program, Department of Physics and Chemistry, Milwaukee School of
Engineering, Milwaukee, Wisconsin - USA

2Department of Biomedical Engineering, University of Wisconsin—Madison, Madison, Wisconsin -
USA

3palian Institute of Chemical Physics, Chinese Academy of Science, Dalian, Liaoning Province -
PR China

“4Institute of Biomedical Engineering, Department of Engineering Science, University of Oxford,
Headington, Oxford - UK

SDepartment of Biomedical Engineering, Wayne State University, Detroit, Michigan - USA

6Department of Orthopedic Surgery, Providence Hospital and Medical Centers, Southfield,
Michigan - USA

Abstract

Bioencapsulation technologies have played an important role in the developing successes of tissue
engineering. Besides offering immunoisolation, they also show promise for cell/tissue banking and
the directed differentiation of stem cells, by providing a unique microenvironment. This review
describes bioencapsulation technologies and summarizes their recent progress in research into
tissue engineering. The review concludes with a brief outlook regarding future research directions
in this field.
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Introduction

Bioencapsulation technology has shown great promise for tissue engineering and cell-based
therapies. First, bioencapsulation technology can be applied to cell encapsulation, helping to
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overcome the difficulties associated with immunorejection of transplanted tissues and cells
(1-4). Traditional methods to avoid rejection involve use of immunosuppressive drugs that
are not ideal for the health of the patient (5). The encapsulation of living cells in macroscale
or microscale capsules provides a promising route for immunoisolation; the capsule’s
membrane protects the encapsulated cells from both the host’s immune system and
mechanical stresses, while allowing free diffusion of nutrients and metabolic waste to and
from the encapsulated cells for their survival (4). Second, bioencapsulation technologies can
be used for directed differentiation of stem cells for constructing different tissue types with
high efficiency and specificity compared with 2D cell differentiation (6—10). Third,
bioencapsulation technologies can be applied to cell cryopreservation to help resolve the
issue of tissue preservation before transplantation (4, 11-15). Further promise is
demonstrated by the confirmation that biocapsules can be utilized for creating artificial cells
(16-18), constructing lung alveolus-like structures and vascularizing 3D tissues (19), which
are novel and emerging foci of tissue engineering.

In this review, commonly used bioencapsulation materials and methods are introduced and
compared. Particularly, bioencapsulation using cells as novel and potential materials is
included. The most recent research and clinical progress in applications of bioencapsulation
technologies in tissue engineering have been summarized in various categories.
Bioencapsulation in bioprinting and cell/tissue cryopreservation — two emerging fields of
tissue engineering — have also been reviewed. Lastly, opinions on challenges and future
directions of bioencapsulation in tissue engineering, including scaling-up and vascularized
3D tissue construction, have been provided.

Bioencapsulation materials and methods

Bioencapsulation materials

Both natural and synthetic polymers have been used for bioencapsulation. Natural polymers
such as alginate, pectin, agarose, collagen and hyaluronic acid are abundant and
biocompatible and can be used for bioencapsulation under mild conditions (20). However,
their product quality and characteristics can vary broadly among resources and batches. It is
well known that a natural polymer’s purity and composition, such as the guluronic and
mannuronic acid ratio of alginate, highly influence the capsule’s performance (21-23).
Synthetic polymers such as poly(ethylene glycol) (PEG), 2-hydroxyethyl methacrylate
(HEMA\) and poly(lactic-co-glycolic acid) (PLGA) exhibit more consistent chemical
compositions and molecular weights due to the minimized batch-to-batch variations (4, 23—
25). Unfortunately, when using synthetic polymers for bioencapsulation, unfavorable
conditions are often inevitable, such as exposure to UV light and nonphysiological pH
and/or temperature conditions (25).

Among the natural and synthetic polymers, alginate and PEG are two of the most commonly
used bioencapsulation materials. Alginates, anionic biopolymers mainly extracted from
seaweed, are linear polysaccharides (26). Alginates are composed of a-L-guluronic acid (G)
and B-D-mannuronic acid (M) blocks. Formation of the divalent cation junctions — of GG-
GG, MG-GG and MG-MG - between alginate molecules leads to the gelation of alginate
(formation of the alginate hydrogel) (4). In general, alginate microcapsules must be coated
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with a polycation, such as poly-L-lysine or chitosan, to enhance stability and impart
permselectivity and PEG to improve the biocompatibility for tissue-engineering applications
(9, 27, 28). Figure 1 depicts typical images of alginate-chitosan-alginate microcapsules for
3D culture of mesenchymal stem cells. Cells maintained high viability in both regular and
differentiation culture medium (Fig. 1), and successfully differentiated as directed (6).
Alginate also exhibits excellent in vivo stability (29). However, multiple factors can
influence alginate-based capsule stability after transplantation, such as the implantation site
and capsule composition (30). Retrieval of live encapsulated porcine islets from a patient 9.5
years after xenotransplantation has been reported (31). More importantly, clinical trials of
several alginate-based encapsulation systems have been or are being conducted, such as
those with GLP-1 CellBeads® (alginate microcapsules containing allogenic mesenchymal
cells which are genetically modified to secrete glucagon-like peptide-1 [GLP-1] for the
treatment of stroke patients with space-occupying intracerebral hemorrhage; the study has
been terminated) (32) and NTCELL® (alginate-encapsulated porcine choroid plexus cells for
xenotransplantation in patients with Parkinson’s disease; a Phase I/lla clinical trial was
completed in 2015 with promising results, and a Phase I1b study began in 2016) (33).

PEG and its derivatives, e.g., poly(ethylene glycol) diacrylate [PEGDA], have been widely
used in tissue engineering due to their biocompatibility and ability to be altered to physically
mimic soft tissues (34, 35). PEG is one of the few synthetic polymers that can be used for
both microencapsulation and macroencapsulation (36), and it has been extensively studied
for the surface modification of scaffolds, such as vascular grafts, due to its
nonimmunogenicity and nonantigenicity (37, 38). There are different methods for preparing
soft PEG gels, such as crosslinking via copper-free strain azide-alkyne cycloaddition (39)
and thiol-ene click chemistry (40). An example of PEG hydrogel microcapsules is illustrated
in Figure 2A. The figure shows a phase contrast image of mesenchymal stem cell-loaded
PEG hydrogel microcapsules. Microcapsules create uniform surfaces without rough edges.
Lathuilére et al (41) showed that myogenic cells encapsulated in a biomimetic PEG-based
hydrogel matrix could survive at high density for several months. In addition, a rapamycin-
containing PEG coating has been shown to be able to improve the biocompatibility of
alginate microcapsules during xenotransplantation (28).

To improve encapsulated cell migration, attachment, proliferation and matrix remodeling,
several different approaches have been explored. These include chemical modification of
encapsulation materials by cross-linking with Arg-Gly-Asp (RGD; a cell adhesion motif) or
gelatin (43), as well as cell encapsulation in core-shell structured capsules (7, 8). As an
example, multiple types of cells encapsulated within RGD peptide-modified alginate
microcapsules displayed improved cell adhesion and proliferation (44). To generate a liquid
core, alginate hydrogel beads first must be coated with poly-L-lysine or chitosan before
liquefying the center, which is a complex process (9). One-step fabrication of alginate
coreshell microcapsules has been used to encapsulate embryonic stem cells with improved
cell proliferation, aggregation and directed differentiation efficiency (7, 8).

Interestingly, cells have also been used as the encapsulation material. For instance, islets
have been successfully encapsulated with living cells (HEK 293 cells) through polyDNA-
PEG-lipid conjugates (Fig. 2B). The resulting encapsulated islets were found to retain their
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function (42, 45). Additionally, immobilization of islets using Sertoli cells for
immunoprotection has also been investigated (46).

Bioencapsulation methods

Methods for bioencapsulation including electrostatic spray, microfluidic channel/nozzle,
vibration nozzle, laminar jet breakup (JetCutter) and air-jet encapsulation have been
developed (47-50). Electrostatic spray and microfluidic channel/nozzle are the most
common methods used for bioencapsulation, especially since they both show distinct
potential for producing core-shell microcapsules (Fig. 3) (7, 8). The vibration nozzle
technique is considered to be the most industrially up-scalable technique for microcapsule
production, especially when the viscosity of the encapsulation solution is low (51). Although
laminar jet breakup and air-jet encapsulation technologies have high throughput, it is
difficult to obtain evenly sized capsules (52, 53).

The electrostatic spray method offers the advantages of cytocompatibility, ease of operation
and ability to prepare microcapsules in a sterile environment (4, 50). During the electrostatic
spray process, droplets of polymer solution are formed on the tip of the nozzle and sprayed
into a gelling bath, such as a divalent cation solution, as a result of the electrostatic force
between the gelling bath and the nozzle, the surface tension and gravity (48). When using
the microfluidic channel/nozzle approaches, small mono-dispersed microcapsules (<200 um)
can easily be manufactured compared with other methods (54). Flow focusing (with 1 core
flow surrounded by a sheath stream) and T-junctions (with 1 core flow and 1 sheath stream
crossing at a 90° angle) are 2 common platforms for microfluidic-based encapsulation.
Generally, a polymer solution containing cells creates the core flow. This is sheared by the
oil (continuous) flow. As a result of the immiscible nature of water and oil, droplets are
formed (7, 47). Rapid exchange of the toxic oil phase in a microencapsulation chip is critical
to maintaining a high cell survival rate (55). Under optimal conditions, both electrostatic
spray and microfluidic channel/nozzle methods have been shown to be safe for cell
encapsulation, while producing capsules with uniform sizes. For example, encapsulated
mesenchymal stem cells, produced through the electrostatic spray method, have survived
(>95% cell viability) and proliferated successfully well within alginate microcapsules during
a month-long study period (6). In another study, Agarwal et al (7) encapsulated mouse
embryonic stem cells in the liquid core of alginate microcapsules using a microfluidic flow-
focusing device. The encapsulated cells were found to survive well (>92% cell viability) and
proliferate to form a single aggregate in each microcapsule within 7 days. It is worth
mentioning that commercial encapsulators are available, such as the BUCHI® Labortechnik
AG Encapsulator B-390, which is based on the electro-spray-vibration method (56), and
Cellena® portable microencapsulation equipment, which uses the flow-focusing technology
(57).
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Current applications of bioencapsulation technologies in tissue
engineering
Bone/cartilage tissue engineering

There is a vast body of work published on bioencapsulation for bone/cartilage tissue
engineering. In one significant example, Olabisi et al reported the rapid heterotopic
ossification by an intramuscular injection of encapsulated adenovirusesbone morphogenetic
protein 2 (AdBMP2)-transduced fibroblasts in PEGDA hydrogels (34). In addition, it was
proven that the cryopreservation of microencapsulated BMP2-expressing mesenchymal stem
cells did not negatively affect the heterotrophic ossification (Fig. 4) (35). Moreover,
biocapsules have been applied to construct scaffolds for bone/cartilage tissue engineering.
For instance, a biodegradable PEG-based microcavitary hydrogel for cartilage tissue
engineering was developed, where gelatin microspheres were used as a porogen in cell-laden
constructs to create microscale cavities (58). Furthermore, for bone tissue-engineering
applications, human embryonic stem cell-derived mesenchymal stem cells (hESCd-MSCs)
encapsulated in alginate microbeads in macroporous calcium phosphate cement were also
tested (59).

Cardiac tissue engineering

Cell encapsulation shows promise in enhancing viable stem cell retention during treatments
for cardiac repair. In one study, human mesenchymal stem cells (hMSCs) were encapsulated
in alginate hydrogels for use in a rat myocardial infarction model. These encapsulated cells
were attached to the heart with a biocompatible PEG hydrogel patch, allowing cell contact
with the injured heart. It was shown that the encapsulation of the hMSCs allowed for
improved retention of the cells and facilitated desired paracrine effects, such as decreased
scarring and increased peri-infarct microvasculature (60). Mayfield et al (61) encapsulated
proliferated cardiac stem cells for injection, which showed improved cardiac structure and
function over the control group. In the future, the systems developed in these 2 studies could
be further tested by using regular rats to monitor their performance under the host immune
response. In addition to using this technology for cardiac repair, biocapsules have been used
for constructing beating cardiac tissue. Some of the most common bioencapsulation systems
used in these cardiac applications are alginate-poly-L-lysine (62) and alginate core-shell
microcapsules (7, 8).

Pancreatic and hepatic tissue engineering

Cell encapsulation has the potential to aid in the treatment of type 1 diabetes. Current
treatment methods do not effectively treat the disease, instead they only inhibit its
progression, showing that new treatment methods would be desirable (63). A direct
approach to treat the damaged endocrine tissue is whole pancreas transplantation, which can
improve the quality of life for the patient. There are risks associated with the surgery, and
the number of available transplant-quality pancreases is low, so it is not an option for most
patients with type 1 diabetes (64). A more viable option for treatment is the transplantation
of the pancreatic islets. Islets can be isolated, quantified and transplanted into the human
body to aid in modulating glucose levels. However, these islets cause immune reactions in a
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foreign host. With cell encapsulation, the islets can be immunoisolated to enhance the
efficacy of this treatment and eliminate the need for the patient to undergo chronic
immunosuppression. This strategy has been proven successful in animal models and has
begun to see success in human trials as well. When human islets were extracted and
immunoisolated with the alginate-PLO-alginate system for treatment, the patients involved
had improved glycemic control after 1 year without reporting any adverse effects. The
patients still required exogenous insulin therapy, but the weekly hypoglycemic episodes
were eliminated, indicating an improvement of the disease (50). One recent study reported a
novel design which combines bioencapsulation and PEGylation for immunocamouflaging
the islets of Langerhans (65). With the progress of stem cell research, stem cells could be
differentiated to insulin-producing cells (66), which could be used as a new cell source for
pancreatic tissue engineering. Interestingly, it has been recently demonstrated that hydrogel
microencapsulated insulin-secreting cells can accelerate wound healing in a diabetic mouse
model (67).

Liver disease and the subsequent loss of liver function is currently the 12t most frequent
cause of death in the United States and the 4" most frequent for middle-aged adults (68).
There are several published studies that use bioencapsulation technology for the treatment of
acute hepatic failure (AHF) and hepatic injury (69-71). Transplantation of alginate-poly-L-
lysine-alginate (APA) microcapsules containing a mixture of rat hepatocytes and human
fetal liver stromal cells (hFLSCs), engineered to produce basic fibroblast growth factor
(bFGF), in mice increased the survival rate and improved liver function of an acute liver
failure induced mouse model. Moreover, significant liver regeneration was observed 2 days
after transplantation in the bioencapsulation group (69). Zhang et al (70) reported the
encapsulation of hepatocyte-like cells differentiated from human umbilical cord blood cells
in Caalginate microbeads and transplantation of the encapsulated cells intraperitoneally into
rats with galactosamine-induced AHF. The results showed that the number of surviving rats
increased due to the alleviation of AHF, compared with control rats 2 days following
transplantation. In addition, transplantation of umbilical cord blood cells encapsulated in
APA microcapsules was proven to enhance recovery of CCl4-injured mouse livers (71).

Lung tissue engineering

Recently, bioencapsulation technologies have been applied in controlling the formation of
alveolus-like structures in vivo, as shown in a study by Zhang et al (19). In their study,
collagen-Matrigel and APA microcapsules were used as an extracellular matrix (ECM) to
provide a 3D culture condition to reconstruct the alveolus-like structure (Fig. 5). This 3D
culture method was confirmed as providing mice fetal pulmonary cells with a stable growth
condition, aiding in the formation of the alveolus-like structures and maintaining an alveolar
type Il (AE2) differentiated state. AE2 cells are considered the stem cell-like population
present in the lung and are significant in the repair and regeneration of lung tissue. After 7
and 14 days of culture, histology and immunohistochemistry of the cultures revealed
branching, spherical, hollow structures similar to native mouse lung, as well as revealing
alveolus-like structures. Transmission electron microscopy studies verified the presence of
sporadic lamellar bodies, which are indicative of AE2 cells maintaining their differentiated
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state. It is worth mentioning that this type of engineered ECM, combined with vein
endothelial cells, shows great potential in constructing microvascularized 3D tissues.

Bioprinting
Bioencapsulation has also been combined with bioprinting for the advancement of tissue
engineering. One example is shown in Figure 6, where chondrocytes were seeded into a
bioabsorbable alginate hydrogel matrix before 3D printing. This process localized the cells
into a desired geometry, allowing for new ECM production in defined locations and
eliminating the major problems usually associated with bioprinting, such as seeding depth
limitations and nonuniform seeding (72). Bioprinting of a nanofiber matrix embedded with
encapsulated cells could be used to create a smart “cell sheet” with desired pore sizes as a
ready-to-use cell source.

Cell and tissue cryopreservation

Successful cryopreservation of cells and tissues can promote their availability as cell-based
medicines by establishing banks of living cells for wide distribution to end users whenever
needed. While current preservation methods can reduce the cell viability, bioencapsulation
provides a novel and alternative route for cell and tissue cryopreservation including
vitrification. Zhang et al (13) successfully demonstrated that small (~100 pm) Ca-alginate
microcapsules provide a great system for protecting cells from cryoinjury during
cryopreservation. Huang et al (73) confirmed that alginate microencapsulation allows large-
volume cell vitrification with low concentration of cryoprotectants. Ba-alginate hydrogel,
another alginate-based encapsulation system, has also been used for the cryopreservation of
neurospheres (12). Moreover, the application of cryopreserved transgenic mesenchymal
stem cell-loaded capsules (500-600 um) in intracerebral hemorrhage treatment has entered
clinical trials (32).

Challenges and future directions

Although bioencapsulation technologies show great promise for tissue engineering, there are
still several issues that need to be addressed for eventual clinical applications, including
limited cell resources, protrusion of encapsulated cells and scaling-up (especially following
Good Manufacturing Practice (GMP) guidelines) (2, 23, 74-76). The recent progress of stem
cell research prominently expands cell resources for bioencapsulation, addressing the first
limitation (77). To overcome the issues pertaining to protrusion of encapsulated cells and
scaling-up, current studies are ongoing. Most notably, a novel multilayer immunoisolating
encapsulation system is being developed to prevent cell protrusion without compromising
cell survival (75), and a 3D microfluidic device containing an air supply and multinozzle
outlet is being studied for scaling-up the process (78).

Two future directions for bioencapsulation technologies are the combination with
microtechnologies and nanotechnologies and construction of vascularized tissues. An
example of a current combination of technologies is the use of nanofibers for reinforcing the
hydrogel in the encapsulation process (79, 80). It is well known that vascularization is the
major challenge in tissue engineering (81), leading research into bioencapsulation
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technologies to focus on this area. Using microcapsules to reinforce the ECM shows the
potential for constructing vascularized tissues in which microcapsules could have a space-
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Fig. 1.

Phgase contrast (A, C, E) and corresponding fluorescence (B, D, F) images of encapsulated
mesenchymal stem cells (C3H10T1/2 cells) cultured under different conditions: cells
cultured in Dulbecco’s maodified Eagle’s medium (DMEM) for 7 weeks (A, B); cells
cultured in DMEM for 4 weeks and then in adipogenic differentiation medium for 3 weeks
(C, D); and cells cultured in DMEM for 4 weeks and then in osteogenic differentiation
medium for 3 weeks (E, F). Reproduced from reference (6). In the fluorescence images, live
and dead cells were stained green and red, respectively. Scale bar: 100 pm.
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Fig. 2.

(A) Phase contrast image of poly(ethylene glycol)-microencapsulated mesenchymal stem
cells for bone tissue engineering. Reproduced from reference (35). (B) Green fluorescent
protein (GFP)-HEK cell-encapsulated islets were cultured for 1, 3 and 5 days. Encapsulated
Islets were observed with a phase contrast microscope (left panels) and a confocal laser
scanning microscope (right panels; GFP). Scale bars: 200 um. Adapted with permission
from Yuji Teramura, Luan Nguyen Minh, Takuo Kawamoto and Hiroo lwata.
Microencapsulation of islets with living cells using polyDNA-PEG-lipid conjugate.
Bioconjugate Chemistry. 2010;21(4):792—796. doi:10.1021/bc900494x. Copyright 2010 by
the American Chemical Society (42).
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Fig. 3.

Novel designs for producing core-shell microcapsules. (A) An electrospray device—based
system: the core fluid (sodium carboxymethyl cellulose—containing cells) and shell fluid
(alginate) are separately pumped through the concentric needle. Under the effect of an
electric field, the concentric drops that form at the tip of the needle are broken up into
microdrops and sprayed into the gelling bath, ultimately producing core-shell microcapsules
(8) -Reproduced by permission of The Royal Society of Chemistry. (B) A microfluidics
device-based system: at the focusing junction, both the core (sodium carboxymethyl
cellulose—containing cells) and shell (alginate) flows were sheared by the crossing oil flow
(mineral oil containing calcium chloride) into droplets. Then, calcium cations diffused into
the droplets and gelled alginate, thus forming the microcapsule shell (7)-Reproduced by
permission of The Royal Society of Chemistry. H: height (or depth); W: width.

J Appl Biomater Funct Mater. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Majewski et al.

Page 16

Fig. 4.
Bone morphogenetic protein 2 (BMP2)-transduced microencapsulated mesenchymal stem

cell (MSC) bone formation in a mouse model for heterotopic ossification confirmed by both
X-ray (A, D) and MicroCT for (B, E). Top panel: freshly prepared BMP2-
microencapsulated MSCs; Bottom panel: cryopreserved BMP2-microencapsulated MSCs.
Reproduced from reference (35).
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Fig. 5.
Reconstructed alveolus-like structures in vitro were observed under phase contrast

microscope. The structures were observed after 7 (A), 14 (B) and 21 (C) days. Reproduced
from reference (19) with permission from Wiley & Sons Ltd. Cells gathered to grow (white
arrow) could be observed in some parts of the alveolus-like structures (B). Scale bar: 200
um.
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Fig. 6.
Growth and viability of the bionic ear. (A) Image of the 3D printed bionic ear immediately

after printing. (B) Image of the 3D printed bionic ear during in vitro culture. Adapted with
permission from Manu S. Mannoor, Ziwen Jiang, Teena James, Yong Lin Kong, Karen A.
Malatesta, Winston O. Soboyejo, Naveen Verma, David H. Gracias and Michael C.
McAlpine. 3D printed bionic ears. Nano Letters. 2013;13(6):2634-2639. Copyright 2015 by
the American Chemical Society (72).

J Appl Biomater Funct Mater. Author manuscript; available in PMC 2017 October 01.



	Abstract
	Introduction
	Bioencapsulation materials and methods
	Bioencapsulation materials
	Bioencapsulation methods

	Current applications of bioencapsulation technologies in tissue engineering
	Bone/cartilage tissue engineering
	Cardiac tissue engineering
	Pancreatic and hepatic tissue engineering
	Lung tissue engineering
	Bioprinting
	Cell and tissue cryopreservation

	Challenges and future directions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

