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ABSTRACT
Alginate is an important biomaterial for many biomedical applications, most notably
encapsulation. The key characteristics of the natural polymer are that it is bioinert and
that it rapidly and gently crosslinks with non-toxic crosslinkers. Herein, I report on some
of the alginate-based technologies that we developed as a way to expand and improve
upon some of our current uses for this hydrogel. First, we developed a microfluidic-based
encapsulator as a way to make small and highly precise microcapsules. With this device,
we are able to encapsulate stem cells and other small therapeutics and deliver them to
areas that were not possible in our lab previously. Next, we chemically modified alginate,
with the help of the Wake Forest University Chemistry Department, to increase its pH
sensitivity for oral drug delivery applications. By having alginate remain intact in the
stomach but degrade in the gut, we have been able to create a targeted oral drug delivery
vehicle that we have proven to be effective when encapsulating large substances such as
probiotics. Lastly, we modulated alginate to mimic the native extracellular matrix of the
pancreas. Through the supplementation of solubilized extracellular matrix components
and softening of the alginate stiffness, we improve both the viability and functionality of
pancreatic islets encapsulated within. This may be a promising approach to take as islet
encapsulation breakthroughs have slowed in the past decade due to difficulties in islet
viability during the isolation and transplantation process. These three unique approaches
to expanding the use of alginate set the foundation for future studies and demonstrate the
wide

variety of applications that

this simple hydrogel can be used

ix

for.

CHAPTER 1

INTRODUCTION

Kevin Enck and Aleks Skardal
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BIOMATERIALS

Biomaterials have been used for centuries as a way to replace or interact with biological
systems in a range of capacities. The most recent definition of a biomaterial is a material
intended to interface with biological systems to evaluate, treat, augment or replace any
tissue, organ or function of the body [1]. Such materials have been used for prosthetics,
stents, contact lenses, heart valves, and more. They have also played a critical role as
scaffolding material in the growing field of regenerative medicine and tissue engineering.
Biomaterials that come from natural sources, such as collagen, hyaluronic acid, silk, and
alginate, have the advantage of being biocompatible or bioinert. These materials are also
commonly comprised of similar components that make up the extracellular matrix
(ECM). While they can mimic the physiologic environment around the cells, naturally
occuring biomaterials are not as well characterized as their synthetic counterparts.
Synthetic materials, such as poly ethylene glycol (PEG) and poly (lactide-co-glycolide)
(PLGA), have well characterized and consistent interactions with cells and can be tuned
for specific applications. While the interactions are well known, synthetic materials
typically do not provide biological functions for cells, especially without addition of
various bioactive molecules [2]. While no biomaterial is perfect for all applications,
alginate is one of a number of naturally derived polysaccharides, and has been employed
extensively in tissue engineering and regenerative medicine applications. This chapter
will discuss various modifications that have been applied to alginate, how the modified
2

materials function, and what application they have targeted as a way to demonstrate how
most biomaterials can be tuned to either broaden their use or improve upon their
weaknesses.

ALGINATE

Alginate is an anionic polysaccharide that is derived from brown seaweed, and has been
utilized as a biomaterial due to its biocompatibility as well as its rapid and mild
crosslinking with divalent cations [3]. Many hydrogels require minutes to hours to
crosslink and only under harsh conditions such as UV light or drastic pH changes,
whereas alginate crosslinks almost instantly and the crosslinking solution is nontoxic to
cells. Alginate is comprised of (1-4)-linked β-D-mannuronic acid (M) and α-L-guluronic
acid (G) monomer blocks. These blocks are composed of consecutive G chains, M
chains, or alternating G and M chains and the stiffness, viscoelasticity, and swelling of
alginate gels are affected by the M/G ratio [3-5]. Crosslinking of the alginate
polysaccharide chains occurs via junctions being formed between the divalent cations,
such as Ca2+, Sr2+, or Ba2+, and the G blocks in what is known as an egg-box model
(Figure 1). This is not a permanent gelation and cation chelation can be a problem for
certain applications that require long-term stability, as cations will become sequestered
by compounds with higher binding affinities, such as phosphate. Alginate has been
3

widely used as a scaffolding material in both cell encapsulation [6-9] and drug delivery
[4, 10-13]. As mentioned earlier, there is no universal biomaterial, and many undergo
different modifications in order to be better suited for specific applications. For alginate,
most of its applications are suited for either drug delivery or cell encapsulation.

Figure 1: Egg-box model depiction of alginate crosslinking. The addition of divalent
cations, such as calcium, causes G blocks of alginate to attach to the ions thus forming a
hydrogel [14].

4

ALGINATE APPLICATIONS

Microcapsule production:

For both cell encapsulation and drug delivery, alginate capsules are produced typically
between the 100-1000 µm size range. The small size range allows for improved nutrient
diffusion thus leading to improved cell functionality for cell encapsulation [15], as well
as consistent release rate for drug delivery [4]. The methods used to produce these
capsules have been engineered to generate capsules in a wide size range by changing just
a few parameters. The most common encapsulation methods are coaxial airflow devices,
emulsion-based encapsulation, and microfluidic devices (MFDs).
Coaxial airflow bead generator:
Currently, coaxial airflow bead generators are the most commonly used devices for
biomedical applications. These devices can vary widely, but all involve flowing liquid
alginate through a nozzle that is surrounded by a coaxial airflow. The flow causes
alginate beads to be sheared rapidly from the nozzle where they fall into a bath of
crosslinking solution (Figure 2). An advantage of this system is the high throughput
production of beads, with most devices producing between thousands and tens of
thousands of beads per minute. For clinical applications where millions of cells are
encapsulated in a short amount of time, coaxial airflow devices have been the most
5

effective. A disadvantage to this system is the shape and size variability of the beads.
Because the beads are falling into a crosslinking bath at such a high speed, any
perturbance can cause the droplets to become non-spherical which can lead to an increase
in macrophage attachment. There is also not as much control over the droplet size due to
the rapid production rate. This leads to a wide variability in size which can cause
inconsistencies for nutrient diffusion for cells or drug release rates.

Figure 2: A schematic of a coaxial flow encapsulator. The cells or drug to be
encapsulated are mixed in with the liquid alginate and immobilized in the hydrogel once
the alginate comes in contact with the crosslinking solution.

Emulsions:
Gelation of alginate through an emulsion was first described in 1992 by Poncelet et al. as
a way to produce beads on an industrial scale since syringe droplet methods were not yet
sufficient [16]. The process involves adding alginate to a large volume of oil and
6

spinning the mixture at high speeds. Since the alginate is immiscible in oil, it forms small
liquid spheres, with the size of the spheres inversely related to the speed of the spinning.
A crosslinking solution is then added to the mixture which causes the liquid spheres to
gel as they are spinning. One of the highlights of the emulsion technique is the relatively
small size of beads that are created, which can form be as small as 1 µm in diameter. Due
to the uncontrolled nature of the process, emulsions form a wide range of sizes which can
be seen as a detriment if precision encapsulation is desired. This process is extremely
popular in the food industry due to the scalable nature of the technique, the size of the
beads, as well as the low cost of materials [17, 18], but has seen minimal use in cell
encapsulation. This is likely due to the use of harsh chemicals and solvents needed to
remove the large volume of oil from the beads [11, 16]. Hoseli et al. were able to
encapsulate MN6 cells using an emulsion technique and show comparable functionality
with regards to traditional encapsulation techniques, but cell viability was still impacted
by the acid required to crosslink the beads as well as the chemicals used to wash the
beads [19]. Emulsions have seen some success in the drug delivery field, especially for
hydrophilic drugs that tend to leach out quickly when encapsulated in aqueous-based
crosslinkers [20-22]. The organic oil surrounding the alginate keeps the drug entrapped in
the hydrogel during the crosslinking process. While emulsions are the most common way
to produce alginate microcapsules, simply due to the massive scale of the food
manufacturing industry, this process not been utilized to the same degree in the
biomedical field where biocompatibility is a crucial consideration due to the use of harsh
solvents. The technique should still be understood as it employs some common
7

approaches microfluidic device-based encapsulation methods, which are rapidly growing
in terms of use.
Microfluidic Devices:
The development and use of microfluidic device (MFD)-based technologies have become
increasingly popular over the last decade across a wide variety of applications due to their
ability to accurately control extremely small volumes of fluid. Typically, these devices
are fabricated by creating precise channels in polydimethylsiloxane (PDMS) by soft
lithography, then sealing the PDMS device to a glass slide. In recent years, there has been
a push towards PDMS-free materials such as poly(methyl methacrylate) (PMMA) and
other robust plastics. The purposes of MFDs vary widely, but include drug development,
protein screening, mass spectroscopy, bioanalysis, and droplet production [23]. One
application of droplet production MFDs is cell encapsulation, which employs concepts
from both coaxial airflow devices and emulsions to form hydrogel beads. An oil-alginate
interaction occurs to form the beads similar to the emulsion technique, but the alginate is
extruded through a channel in a precise manner similar to the coaxial airflow devices
(Figure 3). Depending on the size of the channels in the MFD as well as the alginate-oil
flow rate ratio, droplets can be produced much smaller than those from the coaxial
airflow devices, but typically not as small as emulsions [24]. The benefits of the
microfluidic device-based approach to encapsulation are the size of the beads (20-200 µm
diameter) as well as the size distribution of the beads, which is typically under 5%, which
is considered monodisperse. This is important for precision drug delivery or cell
8

encapsulation as each bead should contain an identical amount of therapeutic and release
it at the same rate [25]. The smaller the bead is, the higher the surface area-to-volume
ratio is which is a major factor in therapeutic release rate. Smaller beads can also be
delivered to more areas of the body without inducing a severe inflammatory response
[26]. The current challenges and limitations, though, are the internal gelation of the
droplets as well as the production rate of the beads.

Figure 3: Depiction of (a) T-junction, (b) flow focussing and (c) co-flowing methods for
droplet formation in MFDs. Crosslinking occurs downstream at an additional junction
[27].

In an oil-based system, it is difficult to deliver divalent cations to alginate droplets which
have led to numerous attempts at effective crosslinking. The most common strategy has
involved suspending CaCO3 nanoparticles in the alginate and lowering the pH of the oil
to release the calcium, thus causing gelation [28-32]. A common problem with this
approach is that the crosslinking is heterogeneous due to the inconsistent dispersion of
nanoparticles. Furthermore, decreasing pH too much can have detrimental effects on cell
viability. Another strategy involves forming droplets of CaCl2 and coalescing them
together with the alginate droplets to cause gelation [33, 34]. A concern with this
9

methodology is the precision needed to match every alginate droplet with a CaCl2 droplet
in order to have efficient encapsulation. This also is likely not conducive towards higher
throughput production for the same reasoning. There is also the strategy of external
gelation, where the droplets leave the MFD still as liquids and enter a crosslinking bath
similar to the coaxial airflow methods [35]. The concern here is the same problem with
the coaxial airflow approach in that the shape of the beads may not be spherical. As the
beads enter the crosslinking bath, they are coated in oil, which causes them to sink
through the crosslinking bath slowly and crosslink irregularly. Utech et al. developed a
novel gelation method that creates uniform beads that are crosslinked within the device
[36]. Ethylene-diamine-tetra-acetic acid (EDTA) is mixed with CaCl2 in which the EDTA
sequesters the calcium from the solution. This Ca-EDTA is then added to alginate before
being pumped through the MFD. Since the EDTA has a higher binding affinity than the
alginate at neutral pH, the alginate will not crosslink. When the pH drops below 5, due to
the addition of acetic acid, the calcium is released and the alginate is uniformly
crosslinked creating a spherical hydrogel within the device. This method of crosslinking
alginate in a MFD should be considered the gold standard going forward as it
homogenously crosslinks every bead regardless of droplet size or device shape. As MFDs
become more prominent and the bead formation rate becomes increasingly scalable, this
method of encapsulation may begin to have clinical relevancy for cell encapsulation and
drug delivery.
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Cell encapsulation:

A main focus of tissue engineering is to provide cells with an environment that promotes
function and growth either temporarily or long-term, thereby creating biologically viable
constructs with capabilities for regeneration or healing of diseased and damaged tissues,
or alternatively viable models of tissues and organs. Hydrogels, such as alginate, have
been frequently used as 3D environments for these cells for decades [37-39]. At first, the
focus was to use alginate as a semi-permeable, non-toxic vehicle for cell transplantation.
Now, research in 3D culture environments provided by alginate and other hydrogels has
expanded greatly over the past decade since the discovery that cells behave differently in
2D versus 3D culture environments [40, 41]. This has led to an interest in hydrogels that
are designed specifically for the cells that they are encapsulating. On its own, alginate has
been used in islet encapsulation [42, 43], bone tissue engineering [44-46], neural cell
encapsulation [47], hepatocyte encapsulation [48], and fibroblast encapsulation [49, 50],
among many others. As mentioned previously, alginate has a gentle gelation process and
is bioinert which allows for successful encapsulation and transplantation of almost any
cell type. While this is a promising outlook, alginate still has several pitfalls that limit its
success as an encapsulation biomaterial. First, alginate is not immunoprotective. The
large pore size of most alginate hydrogels is not permselective and allows for penetration
of immune cells and other immunological factors that can potentially destroy the
encapsulated cells [51-53]. There is some evidence that encapsulating alginate with BaCl2
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can limit this immune factor infiltration by decreasing the pore size of the alginate, but
positive results have only been shown in small animal models [42, 54, 55]. Vaithilingham
et al. found that pericapsular fibrotic overgrowth (PFO) occurred around barium
encapsulated alginate in primate studies, signifying that the performance outcome may be
species dependent and not translatable to clinical trials [56]. Second, alginate does not
provide any attachment points for cells due to lack of cell receptors that recognize the
polysaccharide [9, 57, 58]. This limits both the functional output and proliferation of the
encapsulated cells since these processes are heavily mediated by direct interactions with
the ECM through peptide motif adherence [3, 59-62]. The lack of biochemical support
for the encapsulated cells may be a major reason for loss of viability in encapsulated
cells, especially islets, over time post-transplant [6, 63, 64]. Because of these two major
pitfalls, alginate, on its own, is limited as a cell encapsulation biomaterial, but specific
adaptations have been employed to improve alginate in this field.
Alginate-biomaterial combinations:
One way to improve alginate for cell encapsulation is to combine it with other
biomaterials that have characteristics that alginate lacks. By doing this, a hybrid hydrogel
is made that can be more versatile and useful for any given application. The most
common additions to alginate are the polyelectrolytes poly-L-lysine (PLL) and poly-Lornithine (PLO). Since alginate is anionic, these polycations bind to the surface of the
alginate and form a membrane around the hydrogel [65]. This membrane has extremely
small pore sizes that exclude large compounds from entering or leaving the hydrogel,
12

most notably host antibodies and macrophages [66]. With this permselective coating
around the alginate, encapsulated cells are able to be allo- or even xenotransplanted
effectively (Figure 4). The polycations themselves do cause an inflammatory response
though. Therefore, a second layer of alginate is typically added to limit this response [66,
67]. For islet encapsulation, there has been a shift towards using PLO over PLL. PLO has
been found to make tighter membranes [68] as well as being more mechanically rigid
[69]. These characteristics are thought to be the reasoning behind a reduced inflammatory
response in vivo compared to PLL [66, 70, 71]. To our knowledge, alginate is the only
biomaterial that has been used with the polycations PLL and PLO in a cell encapsulation
perspective. By combining alginate with other biomaterials, immune protection can be
achieved with cationic compounds where it normally would not be possible.

13

Figure 4: Illustration of a pancreatic islet encapsulated in an alginate-PLO microbead.
Due to pore size selectivity, nutrients like water, glucose, and oxygen can diffuse freely,
while antibodies and macrophages cannot [72].

Besides PLO and PLL, some naturally occuring biomaterials have been incorporated with
alginate to form a composite hydrogel for cell encapsulation. Collagen has been mixed
with alginate for cell encapsulation as a way to provide a more physiological
environment for cells since alginate does not have any natural binding sites [73-75].
Collagen is the most abundant material in the ECM and provides structure and
organization to the microenvironment [76]. Khavari et al. found that tumor growth rate
was greatly increased in collagen-alginate gels compared to just alginate alone.
Mahapatra et al. incorporated collagen into their hyaluronic acid (HA)-alginate for
cartilage repair and found that the gel that included collagen upregulated mRNA levels of
chondrocyte phenotypes [77]. HA is another naturally occuring compound that can be
14

used as a hydrogel for cell encapsulation similar to collagen. One limitation for long-term
cell encapsulation with HA is that it can be actively modulated and degraded by the cells,
which can lead to cell migration away from the site of application [78]. By combining
HA with alginate, which degrades very slowly under normal physiological conditions, a
hybrid hydrogel can be designed to localize the encapsulated cells in a biomimetic
environment (Figure 5d) [79-81]. Chitosan has also been utilized for cell encapsulation
with alginate as a structural supporting gel [82]. Due to the natural degradation of
chitosan and its ability to replace calcium as a crosslinker with alginate, the alginatechitosan hydrogel is more commonly used as a drug delivery material. Poly-ɛcaprolactone (PCL) is one of the few synthetic polymers that have been incorporated with
alginate for cell encapsulation studies. PCL is commonly used in bone tissue engineering
due to its high Young’s Modulus as well as its resorbability [83]. Kim et al. studied the
effect on various combinations of alginate and PCL to determine their effect on
encapsulated preosteoblasts [84]. Compared to PCL scaffolds alone, the hybrid hydrogel
showed enhanced water retention, wetting behavior, and improved cell viability and
functionality. Many biomaterials, both natural and synthetic, can be mixed with or coated
on alginate to improve some of the weakness mentioned earlier. Depending on the
application, different combinations may prove more effective than others which is why a
broad understanding of most biomaterials can be more efficacious than a specialization in
just one.

15

Alginate modification:
Another way to improve alginate as a cell encapsulation hydrogel is through the
modification of the alginate itself. One of the most common examples is the covalent
binding of cell adhesion ligands containing arginine glycine aspartic acid (RGD) to
alginate [9, 85]. This modification has been used with myoblasts [86], chondrocytes [81,
87], stem cells [88-91], cancer cells [92], and islet cells [93, 94] to improve cell adhesion
which has led to improved functionality of the various cell types (Figure 5). Rowley et
al. found that myoblast proliferation increased with an increased RGD ligand density, but
that the proliferation was also dependent on cell type and alginate chemistry [86]. Llacua
et al. found that islet cells encapsulated in RGD-alginate had significantly higher glucosestimulated insulin secretion (GSIS), which is the main functional measurement for islets,
compared to the control group [93].

While RGD provides cell adhesion points, there are many other necessary factors of the
ECM that contribute to cell function. Recently, decellularized tissue powders have
become a popular topic for research with the Badylak lab at the University of Pittsburgh
being leaders in the field [95-97]. They have shown that decellularized tissue can be
turned into a powder or solubilized to provide a scaffold that contains most of the
proteins and growth factors that come from the ECM while also being structurally
tunable for various tissue engineering purposes [97]. It is important to note that
decellularization of the tissue eliminates any cellular content that would produce an
16

immunogenic response if transplanted in vivo [98]. Therefore, incorporation of ECM
powder into an already immunoprotected hydrogel like alginate-PLO-alginate, would not
illicit a further response. In 2009, the Badylak lab collaborated with the Calafiore lab in
Perugia, Italy to incorporate an ECM powder into alginate gels to see their effect on
encapsulated sertoli cells [99]. They found that alginate provided the necessary structural
support while the ECM powder’s bioactive compounds improved both viability and
functionality of the sertoli cells. To our knowledge, only one other study has incorporated
ECM powder into alginate. Gothard et al. used alginate as a structural scaffold to
encapsulate ECM powder alongside stem cells for bone regeneration [100]. Their results
were limited, but still showed promise for future applications of the ECM powder
supplemented alginate. Alginate has not been the only biomaterial that has been
combined with ECM powder. Skardal et al. used thiol-modified HA and gelatin as a 3D
printable hydrogel mixed with ECM powder for liver organoid encapsulation [101]. After
optimizing both the biochemical and biomechanical properties of the hydrogel, they saw
significant improvement in liver construct viability and functionality. ECM powder can
also create a hydrogel scaffold of its own for tissue engineering applications, with an
extensive review on the topic being published in 2017 [95]. These hydrogels, while nonimmunogenic, do not protect cells from the host immune system. Therefore, ECM-based
hydrogels have not been widely used for cellular encapsulation for transplantation.
Further research needs to be done on alginate-ECM hydrogels as an alternative approach
to the problem of reduced viability post-transplant of encapsulated cells.

17

Figure 5: Depiction of cells in different 3D environments. a) Chondrocytes with
integrins and receptors for cell adhesion. b) Chondrocytes encapsulated in bioinert
alginate with no attachment points. c) Chondrocytes encapsulated in RGD-modified
alginate which allows for cell adhesion to the hydrogel. d) Chondrocytes encapsulated in
RGD-modified alginate/HA which provides even more attachment points for the cells
[81].

Drug delivery:

Encapsulation for the purpose of drug delivery can be very different depending on the
route of administration. Oral drug delivery is the most extensively used method as it is
18

relatively safe, easy, and well understood [4, 12, 22, 102]. Non-oral drug delivery
involves direct implantation of the hydrogel to a specific site for sustained release of the
therapeutic [12]. Drug release kinetics plays an important role regardless of delivery
route. Alginate-drug interactions are largely controlled by charge polarization of the drug
[62]. Hydrophilic drugs diffuse quickly since typical alginate hydrogel is composed
mostly of water, while hydrophobic drugs diffuse much slower. As mentioned earlier, the
size of the microbeads and their porosity also affects the diffusion rate of the
therapeutics. However, certain modifications can be made to help control their release
kinetics.

Oral drug delivery:

The main objective of an oral drug delivery vehicle is the protection and transportation of
the therapeutic to the desired region of the gastrointestinal tract (GIT). The stomach is the
first major obstacle in which most drugs can become denatured by either the acidic pH or
digestive enzymes. The small intestine comes next and is where most vehicles are
intended to deliver their drug. It has the largest surface area and accounts for 95% of
nutrient absorption [103]. The colon is another region that has been targeted for drug
delivery, with certain therapies having improved bioavailability or efficacy in that region.
Most drug delivery vehicles are intended to protect the encapsulated therapeutic from the
harsh stomach environment and/or improve absorption in the small intestine. Current
19

approaches involve drugs loaded into pills, but this can lead to high concentrations and
poor targeting. By having the drugs released gradually from a hydrogel polymer, severe
side effects can be avoided [62]. As previously stated, alginate is bioinert and has mild
gelation conditions. This allows for most therapeutics to be encapsulated without
impacting the efficacy of the compound being released. Alginate is also bioadhesive due
to its polyionic properties. The causes for bioadhesiveness are not fully understood, but
charge density is commonly thought to play a major role. As an anionic polymer, it is
actually more bioadhesive than other cationic polymers like chitosan and protamine
[102]. Alginate also has protective properties against the harsh stomach acid. Alginate
shrinks at low pH which decreases the pore size of the hydrogel matrix, both protecting
the drug as well as limiting its release rate [12, 102]. Since alginate stays intact at low
pH, it has found an interesting use as a gastric reflux inhibitor. Alginate encapsulated
with potassium or sodium bicarbonate turns into carbon dioxide causing the alginate to
float in the stomach for an extended period of time. Studies have shown that this lessens
gastric reflux episodes by providing a physical barrier and a pH neutral environment
alongside the effects of the bicarbonate [104, 105]. One of the limitations for alginate is
drug leaching during bead preparation. Since alginate is crosslinked in an aqueous
environment, the drugs that are encapsulated are quickly released from the hydrogel due
to concentration gradients in the solution. This same problem also leads to burst release
of drugs in the small intestine which is undesirable for some applications. Alginate also
begins to degrade in the GIT due to the presence of Ca2+ chelators. For more targeted and
controlled drug release, this degradation may be either too fast or too slow. Various
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modifications have been developed to slow down or speed up the degradation of alginate
in the GIT.
Alginate-biomaterial combinations:
One of the most popular modifications is the combination of alginate with chitosan [58,
82, 102, 106-109]. Chitosan is cationic and can supplement Ca2+ as a crosslinking agent.
It can also be used to form a coating around preexisting alginate hydrogel beads [108,
110]. On its own, chitosan can deliver drugs in a sustained manner at neutral pH, but a
major limitation is its easy dissolution at low pH in the stomach [102]. By combining
alginate with chitosan, the stability of the hydrogel at neutral pH is greatly improved,
which is promising for sustained release applications. Ramdas et al. used the combined
bioadhesive properties of alginate and chitosan along with the improved stability to
deliver insulin for up to 8 days in a simulated intestinal environment [107]. Another
added benefit of incorporating chitosan is the improved drug retention during
encapsulation. Ribeiro et al. had an encapsulation efficiency of over 90% with their
chitosan-alginate group [108] which is much higher than the alginate alone which tends
to have an encapsulation efficiency around 50% for small molecule drugs [12]. Other
natural polycations such as dextran [111], gelatin [112], and PLL [102] can also be used
to provide a similar function as chitosan; decreased drug leaching and improved stability
in intestinal pH. These modifications are easy to achieve and result in sustained drug
release throughout the GIT. While adding another biomaterial to alginate can cause the
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desired effect, certain responses in drug delivery are best achieved through chemical
modification.
Alginate modifications:
To achieve targeted release of a drug, chemical modifications can be made to naturally
occuring hydrogels to make them respond to a certain stimulus. For oral drug delivery,
pH is the most common stimulus since the large difference between the stomach acid and
intestinal fluid can trigger the desired response [113]. For targeted drug release, the
stimuli trigger will typically increase swelling and water retention of the hydrogel, thus
causing an increase in drug release rate from the more porous scaffold (Figure 6). To our
knowledge, alginate has not been successfully chemically modified to be more pH
responsive than it already is which would make targeted drug delivery possible. Alginate
has been used as a supporting hydrogel for other chemically modified materials. ElSherbiny et al. combined alginate with a chemically modified chitosan to be pH sensitive
for the encapsulation of protein drugs [114]. Kulkarni et al. mixed alginate with a
chemically modified ĸ-carrageenan that resulted in pH sensitivity as well [115]. In both
instances, increased swelling and drug release was reported when placed in neutral pH
compared to acidic pH. Recent publications have come out on the chemical modifications
of polysaccharides for biomedical applications [116] as well as more specific work on a
pH sensitive HA [117]. These modifications may be possible on alginate which already
has natural biocompatibility, bioadhesiveness, protection from low pH, and mild gelation

22

conditions. This would allow for targeted delivery of therapeutics throughout the GIT as
well as the already present sustained release hydrogels such as alginate-chitosan.

Figure 6: Schematic illustration of pH stimuli-responsiveness of alginate microparticles.

Oral drug delivery is of significant interest due to its demonstrable positive influence on
patient compliance, relative safety, and its application to a large number of drugs for
various conditions. Alginate proves to be a great platform for building a hydrogel vehicle
for most drugs due to its mild crosslinking, bioadhesiveness, and bioinert characteristics.
As a hydrophilic polymer, it does have burst release problems like other hydrophilic
drugs. Also, depending upon the crosslinking cation, in the GIT alginate hydrogel begins
to degrade due to cation chelators, which can lead to unpredictable release rates. Here we
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described the various modifications that can be made to alginate to improve upon these
limitations so that it can have predictable release rates at the targeted site in the GIT.

Non-oral drug delivery:

Non-oral drug delivery involves transplantation of the alginate to a desired tissue or
location in the body for slow release applications. Since alginate degrades very slowly in
vivo and is bioinert, it has been used frequently as a drug delivery vehicle. On its own,
alginate has been used to encapsulate various proteins such as growth factors like
vascular endothelial growth factor (VEGF) [118] or basic fibroblast growth factor
(bFGF) [119]. Alginate was found to improve delivery of the proteins compared to
intravenous injection, which gets cleared by the circulation too quickly. Initial burst
release was still a major issue though. Similarly to the oral drug delivery limitations,
alginate can leach a significant portion of the drug during encapsulation which also leads
to a burst release when transplanted.
Alginate-biomaterial combinations:
Chitosan, as with oral drug delivery, is a very common biomaterial addition to alginate.
Chitosan degrades rather quickly in vivo through enzymatic digestion which makes it a
poor candidate for sustained drug release. When combined with alginate, it is reported to
slow the degradation rate to about 12 weeks, which is even slower than alginate on its
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own [120]. Alginate-chitosan hydrogels have been used in bone tissue engineering [120122], cancer drug delivery [82, 123-125], and growth factor delivery [126, 127] for their
biocompatibility as well as sustained release kinetics that is unachievable from either
biomaterial alone. Heparin is another commonly used alginate supplement due to its
affinity binding with proteins, such as antithrombin, fibronectin, and histodine-rich
glycoproteins [128], through electrostatic interactions between heparin’s negatively
charged sulfate groups and the proteins’ positively charged amino acid groups [129]. This
significantly reduces the drug release kinetics so that a sustained delivery to the targeted
site is achieved. Heparin modified alginate has been used with VEGF [126, 129, 130],
bFGF [131-133], and human bone morphogenic protein (HBMP) [134] to name a few.
Lee et al. used a combination of alginate, chitosan and heparin to deliver VEGF and
described a two-step release mechanism from both the chitosan-alginate hydrogel
diffusion characteristics as well as the heparin binding affinity [126]. A steady release up
to 10 days was achieved in vitro which is promising for long term delivery of angiogenic
growth factors. Gelatin has been mixed with alginate for both bone tissue engineering and
wound healing primarily. When combined with a rigid biomaterial like hydroxyapatite,
gelatin-alginate hydrogels promote osteogenesis and can provide a strong scaffold for
bone development [135-137]. Gelatin is also known to have a strong hemostatic effect
and when combined with alginate, provides a wound healing hydrogel that is very
inexpensive and easy to handle [138-141]. While both of these applications involve the
use of hydrogel sheets instead of microbeads, their regenerative properties are worth
noting and may have an application as beads in the future. Other biomaterials that have
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seen some use in combination with alginate are collagen for bone tissue engineering [142,
143], and PLGA for improved sustained release [144, 145].
Alginate modifications:
There have also been chemical modifications of alginate to improve its drug delivery for
specific applications. Hydrophobic alginate can be synthesized by covalently bonding a
hydrophobic chain to the end of the polymer, which allows for hydrophobic drugs to be
released via zero order kinetics [146-148]. Click chemistry has also been incorporated
with alginate as a way to covalently crosslink alginate and has been shown to not undergo
degradation based on cation chelation [149]. This could lead to more predictable release
rates that are only affected by diffusion and alginate-drug interactions.

The objective for direct drug delivery is to have sustained release of a therapeutic towards
a targeted area or tissue. When choosing a hydrogel carrier, the main considerations
should be drug release kinetics, biocompatibility, and hydrogel degradation. Alginate has
been used as a drug delivery vehicle because it has non-toxic drug-hydrogel interactions,
is bioinert, and eventually becomes degraded well after the drug has been released. Drug
leaching during crosslinking and burst release post-transplantation is a common
occurance with alginate due to its hydrophilic nature. Therefore, many different
modifications have been made to alginate through either combination with other
biomaterials or chemical changes to adapt alginate for sustained or targeted release of the
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therapeutic. These modifications are typically made with a specific drug or target site in
mind.

CONCLUSION

No single biomaterial can be used to solve every biomedical problem. Alginate is no
different and has certain limitations that prevent it from being used for particular
applications altogether. Two major limitations discussed are the lack of binding sites for
cell interaction as well as drug leaching due to its hydrophilic nature. However, alginate
does provide significant advantages that make it a useful biomaterial for both cell
encapsulation and drug delivery. Alginate is bioinert and has mild gelation conditions
which make it attractive for encapsulation of fragile cell types such as islets and other
primary cells. This section has been first focused on the production of alginate
microbeads and how new approaches may allow for better encapsulation with alginate
hydrogel. Secondly, we have also reviewed the major modifications of alginate that can
be made for specific applications. Most of the modifications discussed consist of either
combining alginate with other biomaterials or chemically modifying alginate. When
combined with PLL or PLO, the result is conferment of immune protective properties on
alginate that allow for use in allo- and xeno-transplantations with major implications for
use of immunosuppressive drugs and organ donor pool shortage. Alginate can also be
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combined with other biomaterials like chitosan and collagen to improve upon specific
limitations, such as cell attachment points or burst release upon gelation. Moving
forward, these modifications should be utilized and improved upon to expand the uses of
alginate in tissue engineering and regenerative medicine.

28

CHAPTER 2
_____________________________________________________________________

DESIGN OF A MICROFLUIDIC DEVICE FOR ALGINATE HYDROGEL-BASED
CELL ENCAPSULATION

Kevin Enck, Shiny Priya Rajan, Julio Aleman, Simone Castagno, Emily Long, Fatma
Khalil, Emmanuel C. Opara, Adam R. Hall
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INTRODUCTION

The use of microfluidic devices (MFDs) to incorporate cells into synthetic matrices has
become increasingly popular over the past two decades. For example, cells mixed with
hydrogel precursor can be introduced to fluid channels where gelation dynamics and
device configuration can then be used to produce cell-laden layers or constructs. The
resulting structures have been employed subsequently for applications like drug delivery
[4, 11, 107, 150] and 3D cell culture studies [48, 137, 151, 152]. An emerging MFD
approach that has taken particular advantage of the unique fluid mechanics in small scale
channels has been droplet encapsulation. Here, cells are encased in discrete beads of
aqueous media formed dynamically using a hydrophobic compound like mineral oil as an
emulsifier [153, 154]. The system is amenable to high-throughput production and the size
and composition of the resulting droplets can be engineered for applications ranging from
cell sorting and screening to diverse analytical assessments [150, 155-162]. Critically, the
approach also enables simple collection and transfer of encapsulated cells for
downstream translational applications.
While many hydrogels can be employed for MFD droplet encapsulation, alginate is a
common choice because it is bioinert and cross-links rapidly when exposed to divalent
cations. In addition, alginate microbeads have also been shown to immunoisolate cells in
vivo when paired with specific polymers like PLL or PLO [51, 54, 67]. Consequently, it
is used broadly in the field, with a notable example being islet encapsulation for diabetes
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treatment [3, 51, 54, 67]. A major practical challenge to the gelation of alginate beads in a
MFD is the difficulty with which divalent cations (Ca2+) can be introduced to the
precursor beads through the immiscible oil surrounding them. One solution to this
challenge has involved suspending CaCO3 nanoparticles in the alginate that can then be
decomposed with low pH to release calcium locally for gelation [28-32]. However, this
approach results in heterogeneous cross-linking due to inconsistent nanoparticle
dispersion, causing bead instability and limiting downstream application. In response, an
alternative method to address the challenge was reported by Utech et al. [36] in which
calcium-ethylenediaminetetraacetic acid (Ca-EDTA) was instead introduced to the
alginate. Similar to the nanoparticles, Ca-EDTA could be dissociated with reduced pH to
release Ca2+ for cross-linking, but as a small molecule, could be dispersed more
homogeneously in the alginate to promote more complete gelation.
Despite the success of Ca-EDTA for generating alginate beads in a MFD, obstacles
remain to its broad utilization. For example, the approach has been implemented only in
conventional polydimethylsiloxane (PDMS) MFDs that cannot be prototyped rapidly (i.e.
device dimensions changed quickly) and are prone to clogging and leaking for the
particular application [28, 30-32]. In this report, we circumvent these challenges by
implementing an unconventional material and channel design. For this, we employ an
adhesive film-based MFD strategy that has low infrastructure requirements while still
being able to produce microbeads with size and shape similar to PDMS devices. Most
PDMS devices have utilized a slow “pinch off” mechanism to form hydrogel beads [35,
154, 163-165]. As an additional improvement, we also produce alginate beads in the
31

jetting regime [154, 163, 166, 167] in our adhesive-film MFDs, through which formation
by Raleigh-Plateau instabilities (RPI) greatly increases throughput. To assess our
approach, we focus on four key alginate bead formation properties that are critical to
translation: throughput, monodispersity, size, and sphericity [30, 36]. While many device
designs sacrifice throughput to maximize the remaining three characteristics, we show
that our system retains high throughput, through Rayleigh-Plateau instability, while
yielding beads with reproducible and controllable profiles. We subsequently demonstrate
the utility of the approach for effective cell encapsulation using mesenchymal stem cells
(MSCs) as a model system, showing high viability for at least 28 days. These results,
enabled by a system that is easily scalable and more reusable than PDMS devices, will
enhance translation of alginate-encapsulated cells for clinical applications.

MATERIALS AND METHODS

Reagents and Materials:

The water-immiscible carrier fluid is made by mixing mineral oil with 1% (v/v) Tween80 (P4780, Sigma-Aldrich). A 50 mM concentration of the Ca-EDTA cross-linker
solution is formed by mixing 100 mM CaCl2 (C77, Fisher Scientific) with an equal
volume of 100 mM EDTA (E-5134, Sigma-Aldrich). Ultrapure LVM alginate (BP-131232

29, Novamatrix, Sandvika, Norway) is mixed in a 1.5% (w/v) solution with the 50 mM
Ca-EDTA solution and kept on ice prior to use. The low-pH cross-link initiator solution
is made by mixing mineral oil with 1.4% (v/v) acetic acid (0714, Amresco).

Device Fabrication:

MFDs are fabricated from adhesive thin films using a low-cost laser cutting technique for
rapid prototyping. Adhesive film patterning has a resolution (typically ~100 µm) that is
sufficient for cell encapsulation applications while eliminating the need for the cleanroom
facilities and mask aligners used in PDMS-based device production [168, 169]. In
addition, the fabrication approach is rapid and adaptable, produces highly stable devices,
and does not require use of a prefabricated master. The MFD consists of four layers: a
glass base, the microfluidic layer, a lid layer featuring inlets/outlets, and a top PDMS
layer to prevent leaks (Figure 7a). The microfluidic layer is comprised of an adhesive
film (9495MPF, 3M, Minneapolis, MN) patterned by CO2 laser cutting (Full Spectrum,
Las Vegas, NV) and attached to a glass microscope slide. Channel thickness can be
varied up to several millimeters using multiple film layers, but for this report, all devices
consist of a single 100 µm thick layer. The lid layer consists of a 3 mm thick PMMA
sheet (McMaster-Carr, Douglasville, GA), a 4 mm thick PDMS layer (10:1 Sylgard 184,
Dow Corning Corporation, Midland, MI), and two adhesive film layers between the two.
Inlets and outlets are formed in the PDMS layer with a 20G blunt needle and in the
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PMMA and adhesive film layers by CO2 laser cutting. The top surface of the PMMA is
attached to one adhesive film and subsequently sealed to the bottom surface of the PDMS
using air plasma to improve bonding strength. The entire lid layer is then placed on the
top surface of the patterned microfluidic layer to form the closed MFD. The resulting
device is sealed by applying even pressure to the entire device. Polytetrafluoroethylene
(PTFE, Cole-Parmer, Vernon Hills, IL) tubing is inserted into each port for fluid delivery
and the MFD is left overnight at room temperature for proper sealing of the adhesive
film.

Microbead Formation:

The MFD (Figure 7) consists of three inlets (i, ii, and iii) and one outlet (iv). The mineral
oil and cross-linking fluids are introduced through inlets (i) and (iii), respectively, using a
microfluidic syringe pump (Braintree Scientific, Braintree, MA). Once the channels are
filled with oil, the 1.5% Alginate-Ca-EDTA solution is introduced through inlet (ii),
forming droplets upon contact with the immiscible mineral oil (Figure 7b, left Inset).
Further downstream in the channel, the droplets are cross-linked due to decreased pH
induced by the acetic acid-mineral oil mixture (Figure 7b, right Inset). The ensuing
sinusoidal segment of the channel is used to promote full mixing of the carrier and acetic
acid oil mixtures through induction of eddy flow, thereby releasing Ca2+ in the beads and
cross-linking them. Microbeads are collected in a 50 mL conical tube connected to the
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(iv) port by tubing. Excess oil is aspirated from the solution before washing with hexane
three times, letting the beads settle each time before aspirating, and adding fresh hexane
to the microbead pellet. The hexane dissolves the residual mineral oil, allowing for
effective transfer from the organic phase to aqueous media. The beads are finally washed
with 100 mM CaCl2 three times to (1) ensure proper gelation, (2) return the pH to 7.4,
and (3) remove any excess hexane as it has been shown to be cytotoxic over an extended
period of time. The material can be used immediately or stored in 25 mM CaCl2 at 4°C.

35

a

b

PDMS

(i

(iii
(ii

(iv

Patterned
Adhesive
PMMA Slide
Patterned
Adhesive
Glass

Figure 7: MFD Design. a) Layered view of MFD. The adhesive film is patterened,
attached to the glass slide, and then covered with a PMMA/PDMS seal. The PDMS forms
a tight junction with the tubing to prevent leakage. b) (i) Mineral oil inlet, (ii) alginateCa-EDTA inlet, (iii) acetic acid-mineral oil inlet, (iv) collection outlet. Left inset:
magnified optical image showing high throughput bead formation. Scale bar is 150 µm.
Right inset: Schematic showing introduction of acetic acid mineral oil (orange) to reduce
solution pH and cross-link the alginate beads homogeneously through release of Ca2+
from the Ca-EDTA.
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Cell Culture and Encapsulation:

Bone marrow-derived MSCs are cultured with DMEM (PT-3238, Lonza) at 37°C and 5%
CO2 in T-175 flasks (Ref 431080, Corning) until confluent. Cells are trypsinized,
centrifuged, washed, and then mixed with the Ca-EDTA alginate solution at a
concentration of 1.5 x 106 cells mL-1. The alginate-cell mixture is employed to produce
beads via the same protocol that was used for clean alginate above. Following
encapsulation, cell-laden beads are cultured in DMEM in 6 well plates (08-772-33,
Fisher) at a cell concentration of about 1.0 x 10 5 mL-1 for up to 28 days. Viability is
determined on days 0, 3, 7, 14, 21, and 28 via a LIVE-DEAD assay (Vybrant CFDA,
Invitrogen) in which carboxyfluorescein diacetate (CFDA) is used to stain living cells
and propidium iodide (PI) is used to stain dead cells.

Imaging:

All images are taken with a Zeiss Axiovert 200M inverted microscope. Quantitative
image analysis is performed using ImageJ software [170]. Bead production rates are
determined from videos over set timeframes of approximately 3 s per condition.
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RESULTS

Many previous cell-encapsulation MFDs operate using a dripping mechanism [23, 28, 29,
32, 35, 36, 153, 154, 163, 164, 171-177], in which beads are formed one at a time due to
periodic droplet necking by fluid surface tension. We employ RPI as a mechanism to
produce beads [154, 163, 166, 171]. Through this effect, minor friction-induced
perturbations in the outer surface of a coaxial fluid thread amplify until they eventually
form the thread into droplets. Because this instability is an intrinsic feature of a fluid jet,
tunable droplet formation can occur in rapidly flowing conditions with very high
frequency.

A critical factor for encapsulation devices is the achievable rate of bead production.
Dripping regime MFDs conventionally have very low throughput [154, 163, 165, 171]
because of the slow, serial manner in which beads are formed. This ultimately limits their
translational utility by limiting yield, making higher rates strongly beneficial. We
therefore next assess how the bead production rate varies with the key experimental
parameter of Wf which is defined in Equation 1. Vw is the volumetric flow rate of the
aqueous (alginate) stream and Vo is that of the carrier fluid.
𝑊𝑓 = (𝑉

𝑉𝑤

𝑤 +𝑉𝑜 )
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,

Eq. 1

We initially evaluate the operation of a MFD with a narrow channel downstream of the
alginate-oil junction (Supplementary Fig. S1) that promotes a dripping mechanism of
bead formation. Here, we maintain a constant mineral oil flow rate (4 mL/hr) and vary
that of the alginate. Note that the different device geometry prevents a direct quantitative
comparison of these results to the Wf of our RPI device above, but values are similar and
the results provide a valuable counterpoint. As shown in Figure 8a, the dripping MFD
achieves a bead production rate of typically 5-10 s-1 with no discernible dependence on
Wf across the investigated range. In contrast, bead formation via the RPI mechanism (Fig.
8b) yields a rate 10-15 times higher than that of the conventional dripping MFD with a
strong, linear dependence on Wf. This demonstrates the increased throughput attainable
with the RPI mechanism.
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Figure 8: Bead production rate as a function of Wf in dripping regime (a) and RPI (b)
devices. Data was collected on multiple independent MFDs for most Wf conditions.
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We next produce cross-linked alginate beads under various flow conditions to determine
the variability and the controllability of RPI formation. Figure 9 shows a histogram for
beads produced using an example condition along with the brightfield image from which
the measurement are obtained (inset). We observe a narrow Gaussian population of
diameter. Table 1 shows data collected across five experimental conditions for which we
maintain the flow rate of carrier fluid (mineral oil) at a constant 100 µL/hr. For
convenience and for direct comparison to previous literature [178], we consider as a
parameter the water fraction [24] Wf.. For quantitation, bead size and shape are
determined through analysis of bright-field micrographs with three parameters considered
in particular: diameter D, aspect ratio R, and circularity C. D is determined from the total
area (𝜋D2/4) of each bead measured from an image. R is calculated as the ratio of the
major axis to the minor axis while C is expressed simply as:
𝐴

𝐶 = 4𝜋(𝑃2 ),

Eq. 2

where P is bead perimeter measured from the image. For both R and C, values
approaching 1.0 are indicative of greater bead sphericity. In addition, we also consider
the coefficient of variance (CV) as a metric of monodispersity, defined as the ratio of the
standard deviation of bead diameter to its mean. Generally, a population is considered to
be monodisperse when CV is less than 5%.
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Figure 9: Histogram of alginate bead diameter for flow rate conditions of 8, 100, and 8
mL/hr supplied to inlets (i), (ii), and (iii) channel respectively. Black line is a Gaussian fit
to the data, indicating an average microbead size of 89.72 µm. n = 141. Inset: example
bright-field optical micrograph of beads produced with the described condition. Analysis
of such images provides the quantitative results used in the histogram as well as the other
parameters described in the text. Scale bar is 100 µm.
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Table 1: Alginate microbead properties as a function of oil flow rate through channel (i).
Alginate flow rate (ii) is kept constant at 100 µL/hr. Flow rate of acetic acid-oil (iii) is
downstream and does not impact results. The optimal condition identified for our system
is shaded green. From T-B, n = 38, 68, 51, 141, and 193 respectively.
Flow Ratei
Wf

D (µm)

C

R

180.65

0.85

1.04

CV

(mL/hr)

3

4

6

8

14

0.032

4.11%
±7.42

±0.07

±0.02

124.51

0.82

1.04

0.024

5.12%
±6.37

±0.10

±0.03

131.53

0.89

1.02

0.016

3.76%
±4.94

±0.07

±0.02

89.72

0.86

1.03

0.012

2.77%
±2.49

±0.09

±0.02

54.84

0.83

1.05

0.007

17.6%
±9.63

±0.12
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±.03

We observe that beads are formed under all investigated conditions and find that bead
diameter generally increases with increasing Wf, in agreement with past work [178].
Across the entire examined range, we achieve high values for both C (0.82-0.89) and R
(0.96-1.04) with no apparent dependence on Wf. Because large beads are known to induce
inflammation and/or immunogenic responses [26] that would limit the efficacy of cell
transplantation applications, beads with small D and low CV are essential. For minimal
D, low Wf is preferred. We note that the determination of D is a projection from a 2D
image obtained inside the MFD. While the precise diameters of beads produced at higher
Wf in our system may be skewed somewhat by the 100 µm chamber thickness, the
measured value can be considered the largest bead dimension. In addition, while
monodisperse or nearly-monodisperse beads are observed over nearly the entire range,
we find dramatically larger CV values for Wf at or below 0.010 in our system. Therefore,
despite the reduced attainable diameter, low Wf are inadequate. As a result, from these
data we identify Wf = 0.012 as the optimal condition for RPI bead formation in our MFD,
producing consistent, circular beads with small diameter at a high rate.

Having established the ability to produce highly regular and spherical microbeads at high
production rates, we next incorporate cells in the alginate solution to perform cell
encapsulation. To demonstrate this, we employ bone marrow-derived MSCs and quantify
viability over a 28 day culture using a custom Matlab code (see Supplementary
Information). Figures 10a-e show typical images of encapsulated cells with LIVE44

DEAD stain at all time points where green indicates live cells and red indicates dead
cells. We observe consistently high MSC viability approaching 100% across the entire
investigated range, similar to that obtained in traditional 2D culture (Fig. 10f). Note that
because of the change in pH associated with cross-linking (see Materials and Methods), it
is particularly important to show that the cells remain viable after the encapsulation
process itself, as confirmed by the data. High cell viability is thus maintained for at least
28 days in the microbeads produced by our MFD, demonstrating the biocompatible
nature of the encapsulation process. Conversely, these results also demonstrate that the
addition of cells to the alginate does not prevent gelation.
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Figure 10: Example fluorescent micrographs showing LIVE-DEAD staining of
encapsulated MSCs 0 (a), 3 (b), 7 (c), 14 (d), and 28 (e) days after encapsulation. Day 21
data is shown in Supplementary Figure S2. Dashed lines are bead outlines determined
from bright-field images of the same sample. Green indicates live cells and red indicates
dead cells. All scale bars are 100 µm. f) Viability of MSCs across all investigated time
points. Datum labeled 2D represents viability in conventional 2D cell culture before
encapsulation and day 0 represents viability directly following encapsulation.
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DISCUSSION

As cell therapy gains momentum, the need will arise for encapsulated cells to be
transplanted directly into tissue. Microencapsulation in polymeric hydrogels – including
alginate with perm-selective coatings [179, 180] – enables the immunoisolation and
localization of allogeneic cells for clinical applications. For example, MSCs like those
employed here can potentially supply sustained release of therapeutic molecules to
provide localized immune tolerance that may be beneficial for treating auto-immune
diseases [181-183]. MFDs for cell encapsulation have significant potential to achieve
success in vivo based on four key characteristics: bead size, monodispersity, sphericity,
and production throughput. For bead size, smaller diameters allow for better nutrient
diffusion [30, 36] and reduce inflammatory responses in tissue [26]. Similarly, high
monodispersity limits the number of beads with diameter outside the target size range
while also enabling more accurate dosing of cells for therapeutic applications; a critical
factor when millions of beads are being produced. High-sphericity beads have a
decreased risk for macrophage and protein attachment, thus minimizing inflammatory
response as well [63]. Finally, greater throughput enables the rapid production of large
quantities of cell-laden beads, which will be essential to translational dissemination.
Spherical, monodisperse beads that are less than 200 µm in diameter are typically made
with MFDs [28-30, 36, 174]. However, there is currently a limited availability of
methods that are capable of producing these beads in a relatively high throughput due to
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the conventional reliance on the dripping mechanism of encapsulation. While highly
controlled, this method forms beads serially, after which they typically travel single file
along the MFD, introducing a bottleneck to translational applications.

In contrast, we employ in this report a RPI mechanism to generate small diameter beads
with high sphericity and monodispersity in a higher-throughput manner. The large
opening in our device immediately after the alginate-oil junction (see Fig. 7b) provides a
rapid reduction in fluid velocity that promotes jetting instability, ultimately leading to
droplet formation through a RPI mechanism. While increasing the throughput at least 1015-fold compared to dripping regime devices, we are still able to produce beads with
properties that are potentially constructive for translational applications. For example
under our optimal conditions, we demonstrate formation of alginate beads with D of
89.72 ± 2.49 µm, C of 0.86 ± 0.09, and a CV of 2.77%. Once formed, our beads are then
introduced to acidic mineral oil to reduce pH and promote the release of Ca 2+ from CaEDTA and cross-link the alginate homogenously. Critically, we also demonstrate that
these beads are capable of supporting cells to maintain viability in long-term culture.
Using bone marrow-derived MSCs as a model cell type, we show efficient incorporation
into MFD-produced beads. The cells can be maintained for at least 28 days postencapsulation with no significant reduction in viability observed, suggesting their utility
for downstream applications.
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While a single device may not be able to encapsulate clinically-relevant volumes of cells,
our MFD can be scaled easily, run in parallel, and quickly adapted due to the use of rapid
prototyping with adhesive film microfluidics. In contrast, conventional PDMS devices
typically require a new master (and thus photomask) to be produced for each different
MFD design, potentially limiting experimental throughput [154]. Thus, our approach has
significant potential to enhance the translational use of encapsulated MSCs for
regenerative medicine applications.
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Supplementary Information for
Design of a Microfluidic Device for Alginate Hydrogel-based Cell Encapsulation
Kevin Enck1,2, Shiny Priya Rajan1,2, Julio Aleman1, Simone Castagno3, Emily Long4, Fatma Khalil1,
Emmanuel C. Opara1,2, Adam R. Hall1,2

MatLab code used for LIVE-DEAD analysis
function LDQuant
%curly brackets are replaced with dollar
purposes. Replace to run file properly.

signs

($)

for

endnote

%filen: file name of the input image, should be a color image.
%# build a list of file names with absolute path
fPath = uigetdir('.', 'Select directory containing image files');
if fPath==0, error('no folder selected'), end
%You can change the next line to use different file formats, or make
an
%input argument where you specify the file format.
fNames = dir( fullfile(fPath,'*.*tif*') );
fNamesOnly = $fNames.name$; %Replace brackets with curly brackets
here
fNames = strcat(fPath, filesep, $fNames.name$); %Replace brackets
xlsfilename = strcat(fPath, filesep, 'liveDead Ratios');
%# process each file
for i=1:length(fNames)
filen = fNames$i$; %Replace brackets
%Reading image to a matrix
img=imread(filen);
%Draw the red and green channels
imgR(:,:)=img(:,:,1);
imgG(:,:)=img(:,:,2);
%Find circles
% Change the second argument of the imfindcircles function to
change
% the size of detected circles.
[centersR,
radiiR]
=
imfindcircles(imgR,
[4,10],
'ObjectPolarity', 'bright', 'Sensitivity', 0.97, 'EdgeThreshold',
.22);
numDead = length(centersR);
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[centersG,
radiiG]
=
imfindcircles(imgG,
[5,15],
'ObjectPolarity', 'bright', 'Sensitivity', 0.97, 'EdgeThreshold',
.22);
numLive = length(centersG);
%Save a copy of the image with circles drawn
h = figure; set(h, 'Visible', 'off')
imshow(img)
viscircles(centersR, radiiR, 'color', 'red');
viscircles(centersG, radiiG, 'color', 'green');
saveas(h, strcat(filen,' counted.tiff'), 'tiff')
%Store the data
data(i, :) = [numLive numDead];
%Clear the data
clear centersR centersG numLive numDead radiiR radiiG imgR imgG
end
%Export XLS
xlswrite(xlsfilename, data, 1, 'B2');
xlswrite(xlsfilename, transpose(fNamesOnly), 1, 'A2');
xlswrite(xlsfilename, $'Num Live' 'Num Dead'$, 1, 'B1'); %Replace
brackets
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Figure S1. Dripping regime MFD design. Inlets (i), (ii), and (iii) are positioned identically
to the RPI device shown in Fig. 1b of the main text. Note that the channel immediately
following the intersection of the oil and alginate is narrow to promote single-file droplet
formation through dripping.
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Figure S2. LIVE-DEAD stained image of bone-marrow-derived MSCs on day 21 after
encapsulation. Dashed lines are bead outlines determined from a bright-field image of
the same sample. Green indicates live cells and red indicates dead cells. Scale bar
represents 100 µm.
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CHAPTER 3

CHEMICAL MODIFICATION OF ALGINATE FOR CONTROLLED ORAL DRUG
DELIVERY

Kevin Enck, Surya Banks, Marcus W. Wright, Mark E. Welker, Emmanuel C. Opara

Disclosure: Kevin Enck and Surya Banks contributed equally to this paper. Surya
performed the chemical modification while Kevin performed the in vitro analysis and
writing of the manuscript.

Reprinted with permission from Banks, Surya R., et al. "Chemical Modification of Alginate for
Controlled Oral Drug Delivery." Journal of agricultural and food chemistry 67.37 (2019): 1048110488.. Copyright (2019) American Chemical Society.
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INTRODUCTION

Hydrogels have been a key focus for drug delivery studies due to their natural
swelling/water retention properties as well as their consistent and predictable release rate
of therapeutic agents [184, 185]. They are also used as a means of protecting the
therapeutics from harmful conditions such as the acidic stomach environment during oral
drug delivery. Many drug delivery hydrogels are already on the market for a wide variety
of therapeutic applications including: hypertension, pain management, infections, and
burn dressings [184, 186]. With controlled drug release being the main objective,
extensive research has gone into tuning the properties of the hydrogels to respond
consistently to different stimuli with temperature [185, 187, 188] and pH [4, 106, 109,
184, 185, 189-193] being the most popular. Drug release based on pH sensitivity is useful
for oral drug delivery due to the large difference between the acidic stomach pH (< 3.0)
and the more neutral intestinal pH. Some polymers that have been examined for pH
sensitivity include: chitosan-poly (ethylene oxide) (PEO) [194], poly(acrylic acid):PEO
[191], Gelatin-PEO [190], Poly(acrylamide-co-maleic acid) [195], hyaluronic acid [117],
and alginate [4, 106, 109, 189].

There is significant interest in the use of alginate, a block copolymer consisting of (1,4)linked β-D-mannuronate (M) and α-L-guluronate (G) monomers, in biomedical
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applications owing to its proven biocompatibility and ability to form hydrogels under
mild physiologic conditions [62, 196]. In addition, its controllable degradation, ease of
chemical modification and self-healing properties make alginate particularly attractive in
drug delivery [189]. Although other chemical modifications of alginate for drug delivery
have been described, our objective in this study was to develop a modification method
that specifically preserves alginate’s inherent biocompatibility and non-toxic rapid
crosslinking properties when added to a divalent cation such as calcium [189].

Alginate based scaffolds have been commonly used for bone and tissue regeneration [45,
78, 137], absorbent dressing for wound treatment [3, 186, 197], and drug delivery
platforms [3, 4, 10, 12, 13, 106, 107, 198]. Although alginate hydrogel microbeads are
prone to swelling under physiologic conditions, they usually remain stable and slow to
degradation [199], which is not ideal for oral drug delivery with regards to controlled
therapeutic drug release in the gastrointestinal tract (GIT). We hypothesized that alginate
microbeads made with chemical modifications having basic functional groups would
function inversely to those having acidic functional groups when exposed to acidic or
basic solutions. Therefore, chemical modification of the alginate polymer would be an
option for controlling the release rate by enhancing the swelling capacity and/or water
solubility of alginate at a desired pH. A number of studies on hydrogel formation and
properties based on chemical and physical crosslinking polymers [3, 200] are largely
based on the network structure and permeability of the material [201].
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Alginate derivatives via chemical modifications include reactions targeting the carboxyl
groups via esterification [202, 203], Ugi reaction [204, 205], and amidation [146, 206]
whereas modification via the vicinal hydroxyl groups on the polymer backbone include
oxidation of alcohols to dialdehyde [148, 206] followed by reductive-amination of the
oxidized alginates [148], sulfination [10], and copolymerization [207]. Our work involves
the chemical modification of alginate as a way to improve and better control the release
rate of potential therapeutic agents in the GIT. Although a previous study had modified
alginate using three different bioactive peptide sequences (GRGDYP, GRGDSP and
KHIFSDDSSE) coupled to 8% periodate oxidized alginate [202], the present study is the
first application of the approach of modifying alginate by oxidizing the vicinal dialcohol
backbone of alginate as well as direct amide bond formation between alginate and 4-(2aminoethyl)benzoic acid to generate a pH-tunable alginate for drug delivery.

MATERIALS AND METHODS

Materials:
Ultra-pure low viscosity (20-200 mPas) sodium alginate with high guluronic acid
(UPLVG) contents was purchased from Nova-Matrix (Sandvika, Norway). UPLVG
alginate was reported by the manufacturer to have molecular weights 75-200kDa and
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G/M ratios of 1.5, and the G/M ratios were not altered by our modifications as shown in
Table 2. 4-(2-aminoethyl)benzoic acid was purchased from Combi-Blocks (San Diego,
CA; sodium meta-periodate >99% purity) was purchased from Santa Cruz Biotechnology
(Dallas, TX) and 3-(trimethylsilyl)-2,2,3,3-tetradeuteratepropionic acid sodium salt
(TMSP-d4) for NMR quantification was obtained from Cambridge Isotope Labs
(Tewksbury, MA). All other chemicals were purchased from Sigma-Aldrich (St. Louis
MO).

Chemical Modification of Sodium Alginate

Amidation:

Amidation was done based on the general procedure by Sakai and Kawakami with some
modification [208]. Ultrapure alginate (200 mg, 1.14 mmol) was dissolved in 25 mL of
phosphate buffer (pH 6.05) and 25 mL of acetonitrile. 240 mg (1.25 mmol) of EDC.HCl
and 200 mg (1.74 mmol) of N-hydroxysuccinimide were added sequentially and the
mixture stirred in the dark under Ar atmosphere for 1 hour. 4-(2—aminoethyl)benzoic
acid.HCl 300 mg (1.50 mmol) was then added and the mixture was stirred for the next 24
hours. The sample was then dialyzed with 0.1 M NaCl for 12 h followed by ultrapure
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water (Millipore Sigma) for 24 h and lastly lyophilized until dry obtaining 110 mg (~
0.56 mmol) of soft cotton like material.

Reductive Amination:

Following Dalheim et al.’s protocol [202], ultrapure alginate (180 mg, 1.0 mmol) was
dissolved in ultrapure water (Millipore Sigma) with 10% (v/v) isopropanol to a
concentration of 8 mg/mL. The solution was degassed with N 2 and chilled to 2-4 °C. To
generate an oxidized alginate product, a degassed solution of sodium (meta)-periodate
(0.25mL of 0.25M solution, 0.0625 mmol NaIO4) was added for oxidation of about 5 mol
percent of alginate units. The mixture was stirred for 48 h in the dark and then dialyzed
with ultrapure water until the conductivity was below 2-µS and then dried via
lyophilization to obtain 133 mg of the product. The periodate-oxidized alginate (120 mg,
~ 0.7 mmol) was dissolved in ultrapure water and methanol (12% v/v), and either used as
such or used after further modification with 4-(2-aminoethyl)benzoic acid for hydrogel
bead fabrication and testing.

For the modification of the oxidized alginate with 4-(2-aminoethyl)benzoic acid, after
stirring for 15 minutes, 12 mg (0.06 mmol) of 4-(2-aminoethyl)benzoic acid
hydrochloride and 10 mol equivalent of pic-BH3 were added. The pH of the mixture was
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adjusted to 6.0 with phosphate buffer and solution stirred in the dark for another 24 h.
The sample was then dialyzed with 0.1 M NaCl for 12 h followed by ultrapure water for
24 h and lastly lyophilized until dry obtaining 105 mg (~ 0.58 mmol) of soft cotton like
material. Batches with 1%, and 2% periodate oxidized alginates were used to obtain
incorporation of approximate equivalents of small molecules via 2x and 4x scaling of the
reagents for oxidation (NaIO4) followed by reductive amination with 4-(2aminoethyl)benzoic acid hydrochloride and pic-BH3 Quantification of the small molecule
incorporated was done via 1H NMR analysis detailed in the NMR analysis section below.

Quantification of alginate M/G ratios and assessment of molecular weight of
alginate:

M/G ratios were determined for the modified alginates according to the published
procedures [209] with a few modifications; 1D 1H spectra were collected at 80° C verses
90° C in 100% D2O using a full 90 degree pulse as opposed to a 30 degree pulse. A five
second recycle delay was then used to ensure full T1 relaxation when using the 90 degree
pulse. Spectra were reference to the water signal (4.219 ppm) according to literature
[210]. The equation M/G = (B + C – A)/A was used where A is the area of the G
anomeric proton (H1, broad singlet, 5.03 ppm), B is the area for the multiplet centered at
4.68 ppm containing H1 of M and H5 of G in the GM blocks and C (4.43 ppm) is the area
for H5 of G in the GG blocks.
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NMR acquisition and analysis:

Modified alginate was dissolved in D2O (8 mg/mL) along with TMSP-d4 as an internal
standard (1 mM equivalent). The moles of substituent incorporated per moles of alginate
was determined via 1H NMR analysis based on the internal standards used. A known
amount of maleic acid dissolved in D2O was also used as an external standard for
secondary standard for quantification.

Validation of covalent bonding of the small molecule:

Diffusion-Ordered Spectroscopy (DOSY) is commonly used for analysis of complex
mixtures based on their relative hydrodynamic radius and their derived diffusion
coefficients [211, 212]. The technique is especially useful when the 1D spectra is
crowded and hard to resolve unique resonances [116]. Comparison of diffusion
coefficients between the oxidized alginates, small molecule 4-(2-aminoethyl)benzoic acid
and the covalently bonded product of the two can be used as an indirect confirmation of
an association between the polymer and small molecule.

61

In Vitro testing of modified alginate degradation:

Modified alginate was dissolved in Hanks Balanced Salt Solution (HBSS) at a
concentration of 1.5% (w/v) overnight. Hydrogel beads were formed by manually
extruding the alginate through an 18-guage blunt needle into a 100 mM CaCl2
crosslinking solution. The beads were allowed to crosslink for 10-15 minutes before
being incubated in either simulated gastric fluid (SGF) for up to 6 hours or simulated
intestinal fluid (SIF) for 3 hours while being shaken at 60 RPM. At corresponding time
points, the beads were counted to determine the degradation rate in each respective
medium.

Imaging:

All images are taken with a Zeiss Axiovert 200M inverted microscope.

Statistical Analysis:
Data in Figures 4, 5, & 6 are expressed as mean ± standard error and a multiple t-test was
used to statistically evaluate the differences between the two groups. Differences were
considered significant if p < 0.05.
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RESULTS

Chemical modification and validation of covalent bonding of the small molecule:

Alginate modification following the two protocols were verified for the degree of
functionalization and chemical bonding. The desired structures for amidation and
reductive amination are shown in Scheme 1 and Scheme 2 respectively.
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Scheme 1: Chemical modification scheme for amidation represented as a reaction on an
alginate monomer unit.

Scheme 2: Chemical modification scheme for reductive amination represented as a
reaction on an alginate monomer unit.
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The amount of small molecule incorporated into the polymer backbone was calculated
based on 1H NMR data using an internal standard (3-(trimethylsilyl) propane sulfonic
acid sodium salt) and further verified with a coaxial external standard (maleic acid).
Covalent bonding between the polymer backbone and the small molecule was determined
using DOSY to measure the difference of diffusion coefficients between the covalently
coupled product and non-coupled mixture of oxidized alginate and small molecule
(Figure 11).

Here we show the comparison of the DOSY spectra of a mixture of the oxidized polymer
with free small molecule and the chemically coupled product of the two. In Figure 11A,
the oxidized polymer and the small molecule both have distinctively different diffusion
coefficients confirming no coupling between the two whereas in Figure 11B, the DOSY
spectra after chemical modification using POA (periodate oxidized alginate) and the
small molecule display one cohesive diffusion coefficient indicating the bonding of the
small molecule into the alginate polymer. 2D 1H DOSY spectra were collected using the
standard Bruker sequence stebpgpin1s1d. A diffusion gradient length of 100 ms and a
diffusion time delay of ~3200 µs giving 95% truncation of the POA alginate 4-(2aminoethyl)benzoic acid were used. DOSY spectra were collected with a linear gradient
of 16 points and 32 scans. Processing was carried out with TopSpin3.6pl6. DOSY
spectra clearly showed a difference in the diffusion coefficients between the aromatic
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peaks (7-8 ppm) in free 4-(2-aminoethyl)benzoic acid (Figure 11A) and the chemically
bonded 4-(2-aminoethyl)-benzoic acid (Figure 11B).
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Figure 11: 2D DOSY (linear gradient) spectra of alginate and 4-(2-ethylamino)-benzoic
acid (modifier).
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NMR Acquisition and Analysis:

1D 1H NMR spectra were collected under full T1 relaxation conditions to help ensure
accuracy of the integral areas.

The concentration and mol% modification of POA

alginates (Table 2) were determined by comparing the area of the aromatic resonances of
4-(2-aminoethyl)benzoic acid to the area generated from using a co-axial 1mm insert
containing a known concentration of malic acid in D2O. Table 2 lists the concentration
(and molar percent) of small molecule (4-(2-ethylamino)benzoic acid) chemically
coupled to approximately 0.5, 1, and 2 percent oxidized ultrapure modified alginates.
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Table 2: Percent incorporation of 4-(2-aminoethyl)benzoic acid in periodate oxidized
alginate (POA)
0.5% POA
Concentration

1% POA
Mol %

(mM)
LVG

0.050

Concentration

2% POA
Mol %

(mM)
0.69

0.124
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Concentration

Mol %

(mM)
1.28

0.253

2.46

Quantification of alginate M/G ratios and assessment of molecular weight:

In order to determine if the modification had an unintended change on the structure of the
alginate, the M/G ratios were measured using NMR and determined by the equation M/G
= (B+C-A)/A, where A is the area under the first curve, B is the area under the centered
multiplet, and C is the area under the broad singlet (Figure 12). LVG alginate M/G ratios
(Table 3) remained within the range specified by the company’s description of the
unmodified LVG alginate (>60% G units). The modified alginate had an M/G ratio of
0.63, 0.69, and 0.61 for 0.5%, 1%, and 2% modified alginate respectively (Table 3). This
indicates G units making up about 62-64% of the alginate polymer. Therefore, the
chemical modifications had no impact on the block subunit structure of the alginate.
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H1 of G

H1 of M

H5 of G in

Figure 12: NMR spectra of 0.5% modified LVG alginate. In the equation M/G = (B+CA)/A, A is the area under the first curve (1.00), B is the area under the centered multiplet
(0.92), and C is the area under the broad singlet (0.71).
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Table 3: M/G ratio for LVG modified alginate
Sample

A

B

C

M/G ratio

LVG 0.5%

1.0

0.92

0.71

0.63

LVG 1%

1.0

0.91

0.78

0.69

LVG 2%

1.0

0.92

0.69

0.61
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In Vitro testing of modified alginate microbead degradation:

We had hypothesized that 4-(2-aminoethyl)benzoic acid modification onto the alginate
backbone would lead to a structural weakness at a neutral pH. We were able to control
the modification to as low as 0.5 mol percent of the total alginate units in the polymer
(Table 2). Oxidation of the polymer at greater than 10% resulted in degradation of
gelling capacity of the material as expected due to the disruption of the backbone
structure [211]. Modified alginate by direct incorporation of 4-(2-aminoethyl)benzoic
acid at 0.35 mol percent as well as 2% oxidized alginate was synthesized and the
degradation of the resultant hydrogel microbeads in SGF and SIF was studied. As shown
in Figure 13, after 6 hours of placement of hydrogel microbeads made with either
unmodified (control) or modified alginate in the SGF medium the beads remained
structurally intact. However, when incubated in the neutral SIF medium while majority of
the microbeads made with the unmodified alginate remained structurally intact despite an
apparent swelling, all of the beads made with the modified alginate completely
disintegrated within 3 hours of incubation. Also, as shown in Figure 13 when we tested
alginate microbead hydrogels made with alginate that had been oxidized without covalent
bonding to 4-(2-aminoethyl)benzoic acid, we found that the hydrogel was also sensitive
to the simulated intestinal fluid while resistant to the gastric fluid. The rate of degradation
of the benzoic acid modified alginate over time can be seen in Figure 14. Within 1 hour
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of incubation in SIF, 71.5 ± 9.3% of the modified alginate fell apart compared to only 1.8
± 1.8% of the unmodified alginate beads.
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Figure 13: Visual representation of modified and unmodified alginate in different
solutions after 2 hours. (A) Unmodified alginate in crosslinking solution with no signs of
degradation. (B) Unmodified alginate in SIF showing signs of swelling leading to cracks
in the hydrogel. (C) Unmodified alginate in SGF which shows no signs of degradation.
(D) Benzoic acid modified alginate in crosslinking solution with no signs of degradation.
(E) BA modified alginate with a significant increase in size due to swelling. (F) BA
modified alginate in SGF showing no signs of degradation. (G) Oxidized alginate without
BA in crosslinking solution with no signs of degradation. (H) Oxidized alginate without
BA in SIF with an increase in size and large ruptures due to swelling. (I) Oxidized
alginate without BA in SGF showing no signs of degradation. Scale bar on bright field
images 500 µm. Scale bar on dark field images 250 µm.

75

F r a c t io n o f b e a d s d i s s o lv e d

1 .0

*
0 .8

0 .6

0 .4

C o n tro l
0 .3 5 % B A M o d ifie d A lg in a te

0 .2

0 .0
0

1

2

3

T im e ( H o u r s )

Figure 14: Comparison of benzoic acid amidation chemistry and unmodified alginate
(control) in SIF. The modified alginate falls apart much faster than the control group (*) p
< 0.05, n = 4.
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The effect of the degree of oxidation of the alginate backbone on the rate of degradation
of the resultant microbead hydrogel is shown in Figure 15. As the degree of oxidation of
alginate increased from 0.5% - 2%, the rate of bead disintegration was enhanced. Within
45 minutes, ~ 80% of the beads made with 2% oxidized alginate had disintegrated and
this was significantly higher than was observed with beads made using lower percent
oxidized alginate. Within 1.5 hours, none of the beads made with either 1% or 2%
oxidized alginate remained intact and by 2 hours, less than 10% of the beads made with
0.5% oxidized alginate stayed intact. Benzoic acid was bonded to the oxidized alginate in
order to determine if there was a compounding effect on the alginate bead degradation.

Figure 16 shows a comparison of the degradation rates of beads made with either 2%
oxidized alginate alone or 2% oxidized alginate with benzoic acid bonded to it. There
was no statistical difference between the two groups.
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Figure 15: Degradation rate of oxidized alginate in SIF. Values expressed as fraction of
dissolved beads. (*) p<0.05, n = 4.
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Figure 16: Degradation rates of beads made after alginate oxidation ± benzoic acid
attachment. p > 0.05, n = 3.
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DISCUSSION

Alginate is a complex polysaccharide composed of randomly oriented blocks of
monomers of (1-4)-linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) [213].
The transport of molecules within an alginate hydrogel is important for their transport in
such a delivery system. Transport within this hydrogel system is largely driven by
diffusion, and diffusion varies as a function of alginate composition and concentration
and the rate of diffusion is greatest for hydrogels prepared with sodium alginate of low G
content in contrast to those prepared with sodium alginate of high G fractions [214]. This
is attributed to the flexibility of the polymer backbone, which suggests that higher G
fractions result in higher crosslinking, less swelling and hence a greater barrier to
diffusion. Measurements of simple physical parameters, such as volume fraction and size,
can be used to predict solute transport in alginate hydrogel [214]. These parameters can
be controlled based on the alginate concentration and composition for sustained release of
small amounts of substances encapsulated in alginate hydrogel. However, in situations
where the release of readily effective therapeutic levels is desired, it would be beneficial
to modify the alginate delivery vehicle to release the encapsulated products based on
prompt degradation of the alginate hydrogel. One way to achieve such immediate release
and enhance the bioavailability of therapeutic molecules encapsulated in alginate
hydrogel is to modify the alginate polymer to degrade based on sensitivity to the basic pH
of the small intestine where absorption into the systemic circulation also takes place.
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We show in this report two methods of chemical modification of the alginate polymeric
material that result in the potential use of the alginate hydrogel as a drug delivery vehicle
for pH dependent release in the GIT. In this proof of concept study, 4-(2aminoethyl)benzoic acid was used as a modifier on the alginate backbone by direct
covalent bondage to generate a novel modified alginate material whose hydrogel is
sensitive to neutral-basic pH prevalent in the intestine, but resistant to the simulated acid
conditions of the gastric fluid. We also show that alginate can be modified by periodateoxidation to produce an oxidized alginate material whose hydrogel have similar pHsensitivity characteristics as the 4-(2-aminoethyl)benzoic acid-modified alginate.
Successful chemical coupling of desired quantities of 4-(2-aminoethyl)benzoic acid with
oxidized alginates was achieved following a facile procedure reported by Dalheim et al
[202]. Periodate oxidized alginates were reacted with 4-(2-ethylamino)benzoic acid
followed by reduction of the imine to amine using pic-BH3. However, hydrogels made
with the oxidized alginates without or with the 4-(2-aminoethyl)benzoic acid were
equally responsive to the neutral-basic pH effect.

Previous studies by Bharti and Roy had shown that oxidation of the alginate polymer at
greater than 10% resulted in degradation of the gelling capacity of the material as
expected due to the disruption of the backbone structure, but our findings constitute the
first report of alginate oxidation resulting in pH-sensitive degradation of the hydrogel
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made with alginate oxidized by as little as 0.5% [211]. We hypothesize that this is
caused by deprotonation of the alginate molecules at neutral pH conditions, which leads
to increased water retention with subsequent swelling and eventual degradation of the
hydrogel. This hypothesis would be consistent with a previous suggestion that a limited
degree (typically 1-20%) of periodate oxidation of polysaccharides may give rise to
derivatives with entirely altered chemical and physical properties. Specifically, it had
been proposed that the ring opening caused by periodate leads to the formation of highly
flexible 'hinges' in otherwise rather semiflexible or rigid structures [215]. Also, we
observed that our chemical modifications had no impact on the block subunit structure of
the alginate as determined by the M/G ratios in the modified alginates, which were
similar to those specified by the suppliers (Novamatrix, Sandvika, Norway) of the LVG
alginate.

We have shown through in vitro tests that this modified hydrogel is capable of staying
structurally intact in the harsh acidic conditions as occurs in the stomach, but degrades
readily in the more neutral pH conditions that prevail in the intestines. The rate of
degradation is directly related to the percent modification of the alginate which has
enormous potential in controlled release of therapeutic substances. Thus, in a therapeutic
situation where multiple agents need to be delivered sequentially in a timed-release
fashion, different degrees of the modification can be used to achieve such a goal. Being
able to more accurately control when the modified alginate degrades and releases its
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therapeutic payload allows for targeted delivery throughout the GIT. In particular, a
therapeutic agent would be most effective with delayed release

in the distal small

intestine where absorption takes place; thus encapsulating it with a lower degree of
modified alginate such as 0.5% or even 0.25% oxidation would greatly increase the
bioavailability of that therapeutic agent. On the other hand for a compound that needs to
be delivered immediately upon entering the proximal small intestine perhaps to induce
pancreatic enzyme secretion, a higher degree such as 2% oxidized alginate could be used
to burst release the compound once it enters a more neutral pH in the duodenum.

In conclusion, we have developed a novel, 4-(2-aminoethyl)benzoic acid-modified
alginate material whose hydrogel is suitable as a vehicle for controlled release of
therapeutic agents. The percent incorporation of small molecules in the modified
alginates were reliably quantified and chemical coupling was confirmed via NMR
spectroscopy. This study validates a relatively inexpensive, environmentally friendly,
non-toxic and efficient method of alginate polymer modification for pH-controlled
delivery of therapeutic molecules.
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CHAPTER 4

DIRECT APPLICATIONS OF MODIFIED ALGINATE DRUG DELIVERY VEHICLE
FOR PROBIOTIC ENCAPSULATION

Kevin Enck, Surya Banks, Hariom Yadav, Mark E. Welker, Emmanuel C. Opara

This chapter has been accepted for publication in the journal “Current Pharmaceutical
Design” and is titled “Development of a novel oral delivery vehicle for probiotics.”
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INTRODUCTION

Emerging data indicate that the gut microflora may play a significant role in the
pathogenesis and treatment of a variety of human diseases including some auto-immune
diseases such as type 1 diabetes [216-223], gastrointestinal diseases including irritable
bowel disease Crohn’s disease and C. diff as well as other diseases, such as obesity,
Parkinson’s, and Alzheimer’s disease. The major challenge in the use of oral ingestion of
probiotics to treat these diseases has been how to overcome the hostile conditions of the
gastrointestinal tract against bacteria that include the harsh stomach acidity and
enzymatic degradation barriers [224-227]. Consequently, fecal transplantation emerged as
an alternative procedure for effective delivery of therapeutic bacteria as it avoids the
gastric environment [228-230].

However, oral drug delivery has been the preferred route for drug administration because
it promotes patient compliance as well as solid-based delivery systems not requiring
sterile conditions, which leads to less expensive manufacturing [231]. For most
therapeutics, the desired goal is to safely deliver the therapeutic agent to the gut from
where it would be absorbed to enhance bioavailability [103, 232]. When ingested drugs
enter the gastrointestinal tract (GIT), some have the potential to harm the tissue by
disrupting the biochemical environment and leading to ulceration and physiologic
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dysfunction [233]. On the other hand, gastric acid and enzymes may degrade
pharmacologic agents such as probiotics, preventing them from reaching their intended
site [226, 234]. Specifically, probiotics need to be safely delivered to the intestine where
microbiota reside and influence human health [235-241]. Safe delivery of probiotics
across the gastric acidic and enzymatic barriers to the intestines has been quite a
challenge, which hitherto has been addressed by ingestion of large quantities of
probiotics in the hope that a significant proportion of the ingested bacteria would escape
the gastric barriers and successfully inhabits the gut [225-227, 238, 242, 243].
Consequently, developing an effective delivery vehicle that is protective of the bacteria
during transit through the stomach and delivered safely to the intestines is not only
beneficial to the health but also economically advantageous for the patient since it
would imply the use of reduced amounts of bacteria with concomitant cost savings. In
addition, such a delivery vehicle would be of interest to pharmaceutical companies who
would benefit from enhanced efficacy in the use of their products [232].

Biopolymers are frequently used as drug delivery vehicles because they are
biocompatible or bioinert, easily form stable hydrogels, and can typically be tuned for
application to a wide range of therapeutics regardless of their solubility properties [4,
105, 192, 200, 232, 244-246]. No one polymer is universally suited for encapsulation of
all drugs as many therapeutics have different molecular characteristics, such as size and
charge, that can affect how they interact with the polymer. Consequently, this has
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spurned the modification and combination of polymeric biomaterials to generate a vast
library of compounds which possess unique advantages as encapsulation materials [10,
62, 117, 148, 184, 189, 190, 205]. Based on the drug being encapsulated and the intended
delivery mechanism, polymers can be selected and further modified to facilitate improved
pharmacologic uptake and action. One of the most commonly used hydrogels is alginate.
As a bioinert, rapidly crosslinking, and relatively inexpensive polymer, it has been used
frequently in the food industry [18, 236, 247], for cell encapsulation (especially for islet
encapsulation in type 1 diabetes treatment [8, 51, 63, 71]), and for oral drug delivery [12,
103, 109, 231, 248]. While alginate has been shown to be protective in the stomach, it
degrades slowly in the gut which can lead to undesirable drug release kinetics [3, 4, 12,
13, 102, 114, 248]. We have recently described chemical modifications of alginate that
render the hydrogel more sensitive to neutral-basic pH conditions with the degradation
kinetics. We concluded that hydrogels made with the modified alginates from the
previous chapter provide a potential platform for controlled release of payloads in the gut.

The purpose of the present study was to examine the viability of bacteria cells incubated
and/or released after encapsulation in the modified alginate hydrogels under simulated
pH conditions of the gastrointestinal tract for potential application in oral probiotics
delivery.
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MATERIALS AND METHODS

Materials:

Ultra-Pure low viscosity (20-200 mPas) high guluronic acid sodium alginate (LVG)
(Nova-Matrix, Sandvika Norway) was prepared sterilely by mixing with Hanks Balance
Salt Solution (HBSS) (H6648, Sigma-Aldrich) at a 2% (w/v) concentration and stirred
overnight at 4°C. Simulated gastric fluid (SGF) was prepared by mixing 2 g/L of NaCl
with diH2O and adjusting the pH to 2.0. Simulated intestinal fluid (SIF) was prepared by
mixing 6.8 g/L monobasic KH2PO4 (60221, Sigma-Aldrich) with DiH2O and adjusting
the pH to 6.8. MRS broth was prepared by mixing MRS powder (M369, HiMedia) with
diH2O (55 g/mL) MRS agar plates were prepared by mixing MRS broth with 2% (w/v)
Agar (12177, Millipore) and autoclaving for 25 min. While warm, the agar was plated
onto Falcon petri dishes (08-757-100, Fisher Scientific) and allowed to cool and solidify
before storing upside down at 4°C.

Chemical modification of alginate:
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The alginate underwent 0.5%, 1% and 2% oxidation with aminotheyl benzoic acid (BA)
reductive amination as we described in Chapter 3. Following Dalheim et al’s protocol,
oxidation of the vicinal dialcohol was carried out using a desired molar percent ratio of
NaIO4 and the generated dialdehyde was then reacted with 4-(2 aminoethyl)benzoic acid
followed by reduction to obtain the desired percentage of covalently linked small
molecule in the alginate backbone [202].

Alginate (modified and unmodified) solutions were then prepared by mixing 1.5% (w/v)
with Hanks Balanced Salt Solution (HBSS) (H6648, Sigma) and stirring overnight at
4°C.

Probiotic culture and encapsulation:

Lactobaccillus casei NCDC 298 (L. casei) was obtained from American Type Culture
Collection (ATCC; 39392) and cultured in MRS broth (55 g/L) at 37°C for 24 hours.
After incubation, 5 mL of L. casei was centrifuged at 2000 x g for 10 min at 4°C. The
MRS broth was aspirated then 1 mL of alginate solution was added to the remaining
bacteria pellet and mixed thoroughly. The alginate-probiotic mixture was then drawn into
a syringe and extruded through a 15 gauge blunt tip needle into a bath of 100 mM CaCl2
and allowed to crosslink for 10 minutes. The crosslinked capsules were then either tested
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in simulated gastric fluid (SGF), simulated intestinal fluid (SIF), or freeze-dried to permit
the assessment of their drug delivery capabilities after long-term storage.

SGF viability assessment:

Alginate capsules from each group were first liquefied with 55 mM sodium citrate
(BP327-1, Fisher Scientific) then serially diluted in HBSS. Once diluted to the desired
concentration, the bacterial cells were plated onto the MRS agar plate, spread evenly
across the plate, and incubated at 37°C for 24 hours to determine the initial cell
concentration in each capsule. The remaining alginate capsules from each group were
placed in 6 well non-tissue culture plates (08-772-49, Fisher Scientific) with 1-2 mL of
SGF. For physiological relevance, a concentration of 1x1011 Colony Forming Units
(CFU)/mL SGF was used. These capsules were shaken at 60 RPM for 1 or 2 hours,
removed and liquefied with 55 mM sodium citrate before serially diluting in HBSS and
plating onto MRS agar plates as described above. After 24 hour incubation, the number
of CFU were counted, and based on the dilution, the total CFU/bead was determined at 0,
1, and 2-hour time points. For the unencapsulated group, the bacteria were still
centrifuged, but after aspiration, they were not mixed with alginate or encapsulated.
Instead, they were directly added to the SGF solution.
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SIF release assessment:

Alginate capsules from each group were placed in petri dishes with 15 mL of SIF at 37°C
and shaken at 60 RPM for 3 hours. At predetermined intervals, 1 mL of the SIF solution
was collected and measured in a Spectrophotometer (Thermo Spectronic Biomate 3 UVvisible Spectrophotometer, Thermo Fisher) at 600 nm wavelength to determine bacteria
concentration. SIF with no beads was used as a blank while beads that were immediately
liquefied with 55 mM sodium citrate were used as maximum concentrations for each
group. The corresponding absorbance readings were then compared to both the blanks
and maximum concentration to determine the percentage of bacterial cells released.

Freeze drying and long-term storage of capsules:

Alginate capsules were placed in liquid nitrogen within 15 minutes of encapsulation to
preserve them for long-term storage. Once frozen, the capsules were placed in a 50 mL
conical tube with proper ventilation and lyophilized overnight. The capsules were then
removed and stored at room temperature for up to 60 days. At predetermined intervals,
capsules from each of the groups were liquefied in 55 mM sodium citrate, serially
diluted, and spread onto a MRS agar plate similar to above. The CFU were then counted
after 24 hour incubation at 37°C.
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Statistical analysis:

Data in figures 1-4 are expressed as mean ± standard deviation and a 2-Way ANOVA for
multiple comparisons was performed using Prism 6 software to determine the difference
between groups. Differences were considered significant if p<0.05.

RESULTS

Encapsulated Bacteria:

L. Casei was encapsulated in alginate microbeads as shown in Figure 17. The
microbeads were 2.73 ± 0.05 mm in diameter and contained between 1x109 and 1x1010
CFU.
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Figure 17: Alginate capsules (~3 mm diameter) in CaCl2 containing L. Casei which
gives a white color to the beads denoted by the arrows. Beads were formed through
extrusion through a 15 gauge blunt tip needle.
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SGF Viability Assessment:

The viability of bacteria in SGF was assessed as percent of initial viability since the total
concentration of bacteria in each group varied such that comparisons could not be drawn
between groups (Figure 18). After 1 hour in SGF, bacteria encapsulated in 2%, 1%, and
0.5% oxidized alginate had a viability of 0.483% ± 0.074, 0.210% ± 0.006, 0.115% ±
0.002, and 0.061% ± 0.008 respectively while the unencapsulated bacteria had a viability
of 0.004% ± 2.95x10-4

(n=3). Each difference between the groups was significant,

meaning that the alginate capsules offered protection from the acidic environment of the
stomach. Increasing the modification on the alginate also caused an increase in bacteria
protection. This could be due to the amine group attached to the alginate providing a
neutralizing effect to the surrounding environment. At 2 hours in SGF, bacteria
encapsulated in 2%, 1%, 0.5%, and unmodified alginate had a viability of 0.053% ±
0.007, 0.027% ± 0.001, 0.018% ± 0.003, and 0.018% ± 0.006 respectively while the
unencapsulated bacteria had a viability of 0.002% ± 3.02 x 10-44 (n=3). At 2 hours, only
cells encapsulated in 2% modified alginate were significantly higher in number than
those that were unencapsulated (p<0.05) indicating that the high acidity over time was
capable of overcoming the protective effect of the alginate on encapsulated bacteria.
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Figure 18: Viability of L. Casei in SGF over time. Viability was assessed by counting
CFUs at times 0, 1 and 2 hours and the percent change was based on the initial CFUs.
Modified alginate comprised of alginate oxidized to varying degrees and all contained
benzoic acid. Percent viability is displayed in log10. Flat lines (―) represent p value
differences between connecting groups. Capped lines (┌―┐) represent p value
differences between the furthest left group and all other groups within the line. (*)
p<0.05, (****) p<0.0001, n = 3.
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Next, we examined if there was any difference in bacterial viability between our oxidized
alginates with and without benzoic acid amination (Figure 19). We had previously
determined that there was no difference in bead degradation of oxidized alginate hydrogel
with or without benzoic acid amination but the present study provides an opportunity to
examine the effect of benzoic acid amination on the protection of bacteria from the acidic
stomach. At 1 hour, the bacteria encapsulated in oxidized alginate with benzoic acid
amination were significantly more viable than the ones encapsulated in oxidized alginate
without benzoic acid. After 2 hours, there was no difference between the viabilities of the
bacteria cells encapsulated in the two forms of oxidized alginate consistent with
observations in Figure 18.
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Figure 19: Comparison of two alginate modification methods on their protective effects
on encapsulated L. Casei in SGF. CFUs are displayed in log10. Viability was assessed by
counting CFUs at 0, 1, and 2 hours. (***) p<0.001, n = 3.
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Bacteria release in SIF was examined over a 3-hour period (Figure 20). We had
previously shown that increasing the percent modification of the alginate caused an
increase in the hydrogel degradation rate. We therefore predicted that the release of
bacteria encapsulated in microbeads made with different degrees of modified alginate
would follow a similar trend. We found that within 45 minutes, 63.7% ± 5.1 of the
encapsulated bacteria had been released into the SIF from the 2% oxidized group while
only 38.3% ± 6.7, 27.8% ± 4.5, and 3.23% ± 2.10 of bacteria had been released from the
1% oxidized, 0.5% oxidized, and unmodified groups, respectively. This pattern of release
continued out to 3 hours. By 1.5 hours, all of the bacteria encapsulated in the 2%
oxidized alginate had been released whereas only 72.6% ± 1.2 and 49.1% ± 6.8 of
bacteria had been released by the 1% and 0.5% oxidized alginate even after 3 hours.
However, only 33.7% ± 4.1 encapsulated bacteria from the unmodified group had been
released after 3 hours, consistent with observations in Chapter 3. Lastly, we examined
the stability of the probiotics during long-term storage after freeze drying and
lyophilization. While the viability of bacteria cells decreased during the lyophilization
process and gradually decreased over time, there was no significant difference in viability
of encapsulated cells between the modified and unmodified alginate groups (Figure 21).

98

Figure 20: Release of L. Casei from alginate in SIF over time. Values are expressed in
percentage of total encapsulated bacteria and were measured with a spectrophotometer.
(*) p<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001, n = 4.
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Figure 21: Viability of L. Casei in long term storage. Beads were frozen in liquid N2 then
lyophilized and kept at room temperature for up to 60 days. Comparisons were made
from modified and unmodified alginate to determine any long-term cytotoxic effects of
the modification. P>0.05 for each time point, n = 3.
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DISCUSSION

The chemically modified alginate we described in Chapter 3 degrades at a rate that
depends on both pH and the degree of modification. As a result, it can be used as an oral
drug delivery vehicle for controlled drug release. In the present study, we encapsulated
probiotics, specifically L. Casei, in the chemically modified alginate and measured their
viability and release in SGF and SIF respectively. We found that encapsulating the
bacteria in alginate beads protects them from the harsh stomach acidity much better than
if they were unencapsulated. Losing over 99% of probiotics due to the gastric
environment is expected and typical in the field. Since there are trillions of cells being
encapsulated, protecting even a fraction of a percent more via encapsulation can greatly
improve the likelyhood of a therapeutic effect [226, 227, 234, 249]. The beads were made
with either unmodified or modified alginate and the modification of alginate was
performed by reductive amination of oxidized alginate using 4-(2-aminoethyl)benzoic
acid. Increasing the degree of modification of the alginate polymer resulted in
significantly increased viability of encapsulated L. Casei after 1 hour of incubation in the
SGF medium. We hypothesize that this may be due to the benzoic acid providing a
buffering effect around the beads. As a weak acid in a strong acid environment, the
benzoate ions become protonated, causing a potential neutralizing effect. At 2 hours of
incubation, this effect seems to diminish and the viability of the encapsulated bacteria
drops significantly. Still, the proportion of encapsulated bacteria that are viable is
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significantly higher than that of the unencapsulated bacteria, thus demonstrating the
protective effect of the alginate hydrogel on bacteria under acid conditions. Since the
transit time of ingested substances through the stomach rarely reaches two hours [234],
the duration of this protective effect may be sufficient for counteracting the destructive
effects of gastric acid. With high levels of the probiotics protected by the modified
alginate, we predict that there will be sufficient amounts of the bacteria available for
targeted release in the small and large intestine, thus providing a more impactful
therapeutic effect.

As expected, the 2% modified alginate released the bacteria in SIF the fastest, followed
by the 1%, 0.5% and lastly the unmodified alginate. This is promising from a drug
delivery standpoint as we can control the release of therapeutic agents based on the
degree of modification of the alginate. If an early release in the small intestine is desired
the 2% modified alginate may be used whereas a therapeutic aimed for the colon could be
delayed by encapsulation with 0.5% or even 0.25% modified alginate. The wide range of
achievable release rates is the main novelty of this delivery platform, making it useful for
both site-specific drug delivery and staggered release of multiple therapeutics
encapsulated in various degrees of modified alginate. Since this modified alginate
material is designed for a wide range of therapeutic drug delivery, determining the shelf
life of the beads is important from a product development standpoint. We found a
significant drop in viability immediately after the probiotics underwent freezing and
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lyophilization which was expected, as is standard in the field [234, 249]. After 60 days,
only a slight decrease in the viability of the bacteria was observed. We predict that if the
duration of storage of the encapsulated probiotics was extended, only a similar gradual
decline in probiotic viability would occur. We found no difference in bacteria viability
between the unmodified and modified alginates suggesting that the modification of
alginate did not induce a cytotoxic effect on the encapsulated products. By encapsulating
probiotics in alginate, they are better protected from the gastrointestinal tract compared to
unencapsulated bacteria. They are also more effective delivery vehicles compared to food
products [226, 236]. Food sufficiently protects probiotics due to its ability to raise the pH
of the stomach [250], but the overall concentration of bacteria able to be loaded is not as
high as a hydrogel. This is due to the fact that food contains many other compounds
whereas hydrogels are mostly empty space. The varying levels of pH sensitivity and
release rate are also not typically seen in most naturally occuring biomaterials [103, 231,
248]. An exception is chitosan, but varying the drug release rate also changes its
protective abilities in the stomach which is not ideal for product development purposes
[109, 114, 251].

In summary we have shown that hydrogel beads made with our modified alginate
material are capable of protecting potential probiotic therapeutics from the harsh gastric
environment while also providing a controlled release of encapsulated agents based on
the level of modification of the alginate. With no demonstrable long-term cytotoxic
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effects, this novel oral drug delivery vehicle may present specific advantages over the
more commonly used unmodified alginates for therapeutic drug delivery [12, 248]. Since
probiotics are comprised of bacteria cells, which are relatively larger than most
therapeutics, they are ideal for determining the release rate of encapsulated substances
based on the degrees of modification of the alginate hydrogel. Future work with this
material needs to be performed to determine if the level of modification has an impact on
more soluble drugs that tend to have a burst release due to concentration gradients. If
enough therapeutic is retained in the hydrogel after the initial burst release, then the level
of modification should dictate the release of such drugs in the small intestine for
enhancement of drug bioavailability.
In conclusion, we have shown in the present study that our recently described modified
alginate material has many potential applications in oral drug delivery while representing
a unique platform for effective targeted delivery of probiotics since it protects bacteria in
acidic environments and potentially shield them from enzymatic degradation.
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CHAPTER 5

EFFECT OF ALGINATE MATRIX ENGINEERED TO MIMIC THE PANCREATIC
MICROENVIRONMENT ON ENCAPSULATED ISLET FUNCTION

Kevin Enck, Riccardo Tamburrini, Deborah Chaimov, Carlo Gazia, Alec Jost, Giuseppe
Orlando, Emmanuel C. Opara
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INTRODUCTION

Pancreatic islet encapsulation and transplantation has been shown to reverse some of the
symptoms of type 1 diabetes mellitus (T1DM) [15, 51, 63, 71]. Microencapsulation and
subsequent transplantation of islets is less invasive than whole organ transplantation and
does not require immunosuppressants which allows for the possible expansion of the
donor pool due to the potential use of xenografts [51]. One of the major limitations to
islet microencapsulation is necrotic death of the cells following transplantation due to
hypoxia. Islets receive ~10% of the pancreatic blood flow while only making up less than
2% of the mass, indicating their inherent metabolic activity [252, 253]. Typically,
unencapsulated islets are transplanted through the portal vein into the liver where they
can become engrafted and function while the patient is required to take chronic
immunosuppressive therapy. Routinely, microencapsulated islets are transplanted in the
peritoneal cavity because of the technical ease of the procedure and the large space to
accommodate transplant volume. However, it has now become apparent that this
transplant site is not optimal for these constructs because of the hampered supply of
oxygen and nutrients to the encapsulated cells as they are not in direct contact with the
blood supply. In recent studies, investigators have been exploring transplant sites for
encapsulated islets with adequate vascularization, such as the omentum, which has shown
good promise to improve viability and functional outcomes, but some islet loss still
occurs [67, 254, 255]. In addition to the need to enhance oxygen and nutrient delivery to
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encapsulated islet transplants in order to improve outcomes, there is growing concern that
the standard alginate hydrogel matrix is not sufficient in providing the islets with the
proper microenvironment for them to survive long term in vivo after transplantation.[256]

Alginate is a naturally-occuring polysaccharide composed of (1,4)-linked β-Dmannuronate (M) and α-L-guluronate (G) monomers. When introduced to divalent
cations such as Ca2+, the polymer crosslinks under the egg-box model forming a
hydrogel. This rapid crosslinking and bioinert properties of alginate are key reasons that
make it the most commonly used polymer in the encapsulation of islets for
transplantation. Since alginate is polyanionic, it can be coated with polycationic poreselective

polymers

like

poly-L-lysine

and

poly-L-ornithine,

which

provide

immunoprotection for the cells after transplantation [54, 69, 71, 199]. While alginate is a
suitable scaffold for islet protection, it does not provide any biological support for the
cells. Alginate has no adhesive properties for cell attachment, which means that cells
cannot readily interact and modulate the environment around them. This interaction
occurs constantly between cells and extracellular matrix (ECM) in tissues, but it is absent
when cells are embedded in the alginate hydrogel. The biomechanical support provided
by the ECM is a key factor in many functional pathways such as cell growth, motility,
and stem cell fate [41, 257-260]. Irregularities in the mechanical support have also been
shown to cause certain disease states. For example, an increase in stiffness has been
shown to lead to cancerous growth [59, 257, 261, 262].
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The biochemical support provided by the ECM is just as important as the biomechanical
support. There are hundreds of ECM proteins with the most common being collagen,
followed by elastin, fibronectin, and laminin and each of them have different
compositions of structure [59, 76]. These proteins bind growth factors, interact with cell
surface receptors, and are critical for cell function through cell signaling. Many hydrogels
are made of these proteins as a way to provide a more natural matrix for the cells in an
attempt to improve function and viability. Alginate lacks the ability to interact with the
encapsulated islet cells in these functional aspects. Recently investigators have
conjugated the tripeptide Arg-Gly-Asp (RGD) sequence onto alginate to provide some
biochemical and biomechanical cues for the cells [86, 88-90, 93]. RGD is a tripeptide
motif found in many ECM proteins that is involved in cell-ECM adhesion and has been
shown to improve cell function by providing this mechano-biological support akin to the
native ECM.

Since it is very difficult to design artificial material that functions exactly like a natural
ECM, we have taken the approach of incorporating natural ECM material into alginate
hydrogen matrix for islet cell encapsulation. In addition we have examined the effect of
type and concentration of the crosslinking cation on the stiffness of the resultant alginate
hydrogel matrix and the associated function of the encapsulated islet cells. Solubilized
pancreatic ECM powder was also supplemented into the alginate as a way to provide the
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same protein composition that the islets existed in before they were removed due to the
isolation process. We measured both the viability and functionality of the encapsulated
cells after 7 days to determine the impact of both stiffness and ECM content on the islets.

MATERIALS AND METHODS

Materials:

Unless otherwise noted, all materials and reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA). High-mannuronic acid-low viscosity alginate (LVM) were
purchased from Nova-Matrix (Sandvika, Norway) and was reported by the manufacturer
to have a molecular weight 75-200 kDa and G/M ratio of ≤ 1.

Rheological Measurement:

The mechanical stiffness of alginate was measured with a Discovery HR-2 hybrid
Rheometer (TA Instruments) using a stress-sweep program that calculated the storage
modulus of the polymer. This stress-sweep program measured from 0.6 to 10 Pa and a
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frequency of 1 Hz and a 12 mm parallel plate (TA Instruments). First, alginate discs were
made by placing 0.1 mL of 1.5% LVM alginate in a 48 well plate well then adding 0.5
mL of either CaCl2 or SrCl2 crosslinking solution ranging from 12.5-100 mM. The discs
were allowed to crosslink for 15 minutes, removed from the well plate, followed by
gentle dabbing of a Kim Wipe to remove excess liquid. The hydrogels were then placed
under the rheometer and compressed to determine the storage modulus. Human pancreas
tissue was cut into a similar shape and measured with the same stress-sweep program in
order to determine its storage modulus.

Extracellular Matrix Preparation:

Decellullarization process: Diced pancreatic tissue was placed in a sterile container with
1000ml of ultrapure endotoxin free sterile deionized water (10977-015, Invitrogen) and
left shaking for 24 hours at 200 rpm at 4°C. After this initial step the tissue underwent an
enzymatic digestion with a DNAse (Deoxyribonuclease I from bovine pancreas) in
0.0025% magnesium chloride solution with adjusted pH 7.4 at 37°C on a shaker at
100 rpm for 6h. Following the enzymatic digestion the tissue was incubated in an EDTATrizma based solution on a shaker at 200 rpm for 18h at 4°C. In the final step of
decellularization the tissue was washed in sterile deionized H 20 on a shaker at 200rpm for
24h at 4°C. The resultant wet scaffold was frozen at -80°C, lyophilized and cryomilled to
obtain a fine ECM powder which contained particles around 200 µm in diameter.
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Pancreatic ECM Solubilization: The pancreatic ECM was solubilized according to the
method published by Freytes at al. [263]: 1g of ECM was solubilized in 100ml of 0.01M
HCl with 100mg of pepsin for 48 hours, at room temperature with constant stirring. The
pH of the solubilized ECM was re-equilibrated to pH 7.4 with NaOH to irreversibly
inactivate the pepsin. The solubilized ECM was centrifuged, the supernatant was
collected and frozen at -80°C and lyophilized. The fine powder, obtained from the
lyophilization of the supernatant of the solubilized ECM, now called UltraPure Soluble
ECM, was Gamma irradiated (1.2 Megarad) for 36hours. Histological analysis of native
pancreas (Supplementary Figure 1a) and the decellularized pancreas (Supplementary
Figure 1b) was performed and showed a complete loss of nuclear structure in the
decellularized group.

Alginate Preparation:

Control alginate solutions were prepared by mixing 1.5% (w/v) with HBSS (H6648,
Sigma) and stirring overnight at 4°C. Solubilized ECM was diluted with HBSS at a
concentration of 2 mg ECM/mL and used to prepare the ECM-alginate solutions.

Islet Encapsulation and Culture:
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Human pancreatic islets and pancreatic islet media (PIMS) were purchased from Prodo
Laboratories, Inc (Aliso Viejo, CA, USA). Islets were gently mixed with alginate at a
concentration of 3x103 islet/mL alginate. The cell suspension was then pumped through a
2 channel microfluidic device at a flow rate of 0.2 mL/min with an air pressure of 2.0 psi
[177]. The microcapsules were collected in either a 100 mM CaCl2 bath with 10 mM
HEPES or a 25 mM SrCl2 bath with 10 mM HEPES and allowed to crosslink for 10
minutes prior to washing with HBSS. After washing, microcapsules were placed in PIMS
and cultured at 37 °C with 5% CO2 for up to 7 days and analyzed with live/dead assay,
static GSIS, and DNA content.

Live/dead staining of islets:

Cell viability was assessed using a live/dead stain with CFDA and PI at 1, 4, and 7 days
post-encapsulation. Islets were first incubated with 200 µL of 25 µM CFDA in HBSS for
15 minutes. The CFDA was then aspirated and replaced with 200 µL of PIMS and
incubated for 30 minutes at 37 °C. The PIMS was replaced with a 50 µg/mL solution of
PI, and incubated at room temperature for 2 minutes and then washed with HBSS. The
stained islets were imaged under fluorescent light with an Olympus IX71 inverted
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microscope equipped with standard filters. Confocal microscopy was used for Figure
24d.

Glucose Stimulated Insulin Secretion (GSIS) – Static Assay:

In order to determine the biological and mechanical impact of the ECM and crosslinker
type and concentration respectively on islet functionality, the islets were tested using a
static GSIS assay. On day 7 post-encapsulation, ~150 IEQ per group in triplicates were
collected and sequentially incubated with Kreb’s buffer containing low (2.8 mM) and
high (16.8 mM) glucose concentration followed by KCl depolarization solution (25 mM).
The glucose challenge was performed based off a modified protocol previously described
[264]. Initially, poly prep chromatography tubes (731-1550, Bio-Rad) were filled with
Sephadex G-10 beads while free islets or encapsulated islets were located in the middle.
Each column was filled with low glucose solution and incubated for 1 hour as a preincubation period for the islets. Next, the pre-incubation medium was replaced with fresh
low glucose solution and incubated for 1 hour for baseline assessment. The solution was
then replaced with the high glucose solution for 1 hour, followed by an additional low
glucose phase lasting 1 hour (post-glucose stimulation basal test) followed by a 1 hour
KCl stimulation. The medium from each incubation phase was collected and stored at -80
°C for later analysis. After final media collection, 1 mL of DNA extraction buffer was
added to each column and frozen at -20 °C overnight. Finally, the extraction buffer was
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allowed to thaw, collected, and stored at -80 °C for later DNA quantification. Insulin
content was measured with the Perkin Elmer Insulin AlphaLISA (AL204C, Perkin
Elmer). DNA content was measured with the Invitrogen picogreen kit (P11496,
Invitrogen). The glucose stimulation index (GSI) is calculated as the ratio of insulin
release during the high glucose phase to the mean insulin release during the two low
glucose incubation phases. This is an effective way to show the responsiveness of the
islets based on the glucose concentration.

Statistical Analysis:

Data in figures 22, 23, 25, and 26 are expressed as mean ± standard deviation and a 2Way ANOVA for multiple comparisons was performed using Prism 6 software to
determine the difference between groups. Differences were considered significant if
p<0.05.
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RESULTS

Rheological Measurement:

The storage modulus of alginate hydrogels shown in Figure 22 indicated that the
stiffness of the hydrogel can be directly controlled by varying the crosslinker type and
concentration. Calcium crosslinked alginate had a stiffness of 3.88 ± 0.65 kPa, 2.64 ±
0.32 kPa, 1.94 ± 0.26 kPa, and 0.57 ± 0.17 kPa at CaCl2 concentrations of 100 mM, 50
mM, 25 mM, and 12.5 mM respectively. Strontium crosslinked alginate was much stiffer
compared to calcium crosslinked alginate at similar concentrations, which is due to the
higher binding affinity of the strontium ion. The stiffness levels at 100 mM, 50 mM, 25
mM, and 12.5 mM SrCl2 were 8.38 ± 3.55 kPa, 5.35 ± 1.23 kPa, 3.41 ± 0.87 kPa, and
1.93 ± 0.30 kPa respectively. At both 100 mM and 50 mM, there were significant
differences between calcium and strontium crosslinked alginate hydrogels whereas the
margins between them became smaller at 25 mM and 12.5 mM, as shown in Figure 22.

When comparing the hydrogels to native pancreas tissue, there were no significant
differences to hydrogels made with both crosslinkers at 12.5 mM and 25 mM as well as
50 mM CaCl2. This means that the levels of stiffness obtained with these 5 different
combinations of crosslinker type and concentration closely resemble that of the native
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human pancreas tissue from a mechanical perspective. Alginate hydrogels with and
without ECM were also compared to determine if the addition of solubilized ECM had
any impact on the stiffness (Figure 23). There was no statistically significant difference
between groups at similar concentrations in levels of stiffness measured in hydrogels
made with both 100 mM and 25 mM CaCl2 with and without ECM.
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Figure 22: Storage modulus of alginate hydrogels with either Sr 2+ or Ca2+ crosslinkers
ranging from 100 mM to 12.5 mM. Human pancreas tissue (native) also measured for
comparisons. Error bars indicate standard deviation, * = p<0.05, **** = p<0.0001, φ =
p>0.05 compared to native, n = 4).
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Figure 23: Storage modulus of alginate ± solubilized ECM. No significance was shown
within crosslinker concentrations (mean ± SD, p<0.05, n = 4).
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Islet Viability and Functionality Assessment:

Islet viability stains at 7 days indicate there was a significant increase in viability of cells
encapsulated in the softer gels (25 mM SrCl2 ± ECM) as well as 100 mM CaCl2 with
ECM (Figure 24). Unencapsulated islets showed the least number of viable cells with
very apparent necrotic cores, while the islets in 100 mM CaCl2-crosslinked hydrogel had
cells with slightly more necrotic core compared to softer capsules and capsules
containing ECM. Static GSIS results (Figure 25) combined with GSI results (Figure 26)
illustrate the functionality of the islets within each group. Islets encapsulated in 25 mM
SrCl2 alginate hydrogels with ECM produced 6.37 ± 0.89 mU insulin/1000 ng DNA
during the high glucose phase, which was significantly more than the amount (3.00 ±
0.54 mU insulin/1000 ng DNA) obtained with unencapsulated islets, n=3, p<0.01). The
KCl depolarization phase results indicate that the islets in softer capsules with ECM had
significantly more insulin (6.97 ± 2.19 mU insulin/1000 ng DNA) compared to the islets
in hard capsules without ECM and unencapsulated islets (3.89 ± 0.15 and 2.51 ± 0.55 mU
insulin/1000 ng DNA respectively). The islets in soft capsules without ECM also stored
more insulin (6.02 ± 4.05 mU insulin/1000 ng DNA) than the unencapsulated islets (n=3,
p<0.05). There was no difference in insulin secretion between both low glucose phases,
albeit, both of the softer gels had, on average, higher insulin secretion than the other
groups. The GSI results indicate a significant increase in functionality for islets
encapsulated in 100 mM CaCl2 alginate with ECM (7.72 ± 0.45) compared to both
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unencapsulated islets (4.00 ± 0.95) and islets in 25 mM SrCl2 alginate with ECM (4.10 ±
1.72) (average ± SD, n=3, p<0.01).
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Figure 24: Live/dead viability stain of islets on day 7. a) Brightfield image of
unencapsulated islet and b) the corresponding viability stain. Composite brightfield and
viability stain of islets encapsulated in c) 100 mM CaCl2 alginate, d) 100 mM CaCl2
alginate with ECM, e) 25 mM SrCl2 alginate, and f) 25 mM SrCl2 alginate with ECM.
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Figure 25: Islet GSIS results on day 7 post-encapsulation (Mean ± SD, * = p<0.05, ** =
p<0.01, *** = p<0.001).
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Figure 26: Glucose stimulation index for day 7 post encapsulation. Each bar represents
the average GSI per group, which is defined as the insulin secretion during the high
glucose period divided by the average of the insulin secretion during the low glucose
phase. Error bars represent the SD, ** = p<0.01.

123

DISCUSSION

The mechanical and biological properties of polymers used for 3D cell culture have been
shown to be extremely important towards recreating the physiological conditions of the
ECM surrounding those cells [2, 9, 37, 44, 60, 62, 89, 91, 101, 265]. In this report, we
modulated the stiffness of our alginate hydrogel to closely resemble that of the human
pancreas scaffold in which islets naturally reside. In particular we have examined Sr ++ as
an alternative to the more routinely used Ca++ crosslinker for alginate hydrogel driven
based on the following observations. First being our group had observed color changes
after about 30 days in vitro incubations of our Ca++-crosslinked hydrogel microcapsules
and this was accompanied by a decrease in functionality and viability of the cells
encapsulated within them. Indeed, it has been reported that Ca++ can be released from
alginate gels and promote inflammatory responses in vitro and in vivo [266]. In addition,
it is known that the stiffness of a capsule matrix has profound effect on the behavior of
encapsulated stem cells [267-269]. However, there is scarcity of data on the effect of the
matrix stiffness on encapsulated primary cell graft function.

When we switched from calcium to strontium for alginate crosslinking, the change of
alginate microbead color over time no longer occurred consistent with possible Ca++
leaching from the Ca++-alginate hydrogel [266]. However, we found that although the
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stiffness of the 12.5 mM SrCl2-alginate hydrogel was closer to that of the native human
pancreas it was too fragile and deemed not durable enough for long-term in vivo
encapsulation. Addition of the solubilized ECM to the hydrogel at the specified
concentration did not affect the stiffness of the hydrogel. While the major ECM
components such as collagen, fibronectin, and elastin impact the biomechanical
properties of tissues, it does not appear that their interactions with each other under our
experimental conditions are sufficient enough to significantly change the stiffness of our
engineered alginate-based matrix. However, our data clearly show that the presence of
the solubilized ECM provided some of the many biological signals that influence cell
proliferation, differentiation, survival, and tissue specific function[95, 270]. After 7 days
incubation, the soft gel containing ECM was the only group that had significantly higher
insulin secretion during the high glucose phase compared to the control islet group. Also,
the higher insulin secretion demonstrated by KCl stimulation of the soft capsules ± ECM
groups suggest the storage more insulin than the standard hydrogel group crosslinked
with 100 mM CaCl2 alginate as well as the unencapsulated islet group. Although both of
these groups are presently used clinically, our data show that their functionalities are
relatively limited compared to the hydrogels crosslinked made with 25 mM SrCl2 in the
presence of ECM.

The GSI results generated in this study should be interpreted in conjunction with GSIS
data since the lower GSI values for 25 mM SrCl2-alginate with ECM compared to the
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other groups after 7 days in culture can be explained by the higher basal levels of insulin
secretion shown in that group. Our data consistently show that the incorporation of the
ECM into the alginate hydrogel has a significant biochemical impact on the
responsiveness of the islets to glucose stimulation. Previous studies have reported that
individual ECM proteins, such as collagen, laminin, and RGD, added to alginate
hydrogels on islet viability and functionality, consistent with our results [73, 93, 271].
While this may provide a quicker path through the regulatory process since the protein
concentrations are known, there is a plethora of other lesser proteins and molecules that
make up the complex microenvironment and provide signals and support to the islets.
Some researchers have adopted this approach of incorporating individual ECM
components with hydrogels and seen increased functionality [73, 272] whereas others
have seen success by adding the entire ECM [99]. Both come with advantages and
disadvantages, but what is clear is that further work needs to be done to better understand
the interaction of islets, hydrogels, and any supplementary ECM component that is added
in order to improve functionality.

We have shown that we can improve both the function and viability of these pancreatic
islets by encapsulating them in an engineered alginate matrix that closely mimics the
native pancreas ECM both biochemically and biomechanically. Using this engineered
matrix to demonstrate improved islet viability and insulin production and, we predict that
encapsulated islet transplantation may prove to be more successful in the future with the
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potential to impact the management of T1DM. In conclusion, the present study has
clearly shown that the microenvironment within the matrix in which islets are
encapsulated has a significant effect on the viability and function of the islet cells.
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Supplementary Figure 1: Histological analysis of a) native pancreas and b) decellularized pancreas. H&E
staining and DAPI staining demonstrate the lack of nuclei in the decellularized group compared to the native
pancreatic tissue.
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CHAPTER 6

CONCLUSIONS

Kevin Enck
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This dissertation has described the work and results of three unique projects.. Their
commonality is the involvement of the naturally occuring polymer alginate. As described
multiple times previously in this document, alginate is a polysaccharide derived from
brown seaweed and is most commonly used as a hydrogel for encapsulation purposes [3,
62]. It has the advantage of being bioinert, rapid and gentle crosslinking, as well as its
immune-suppressive properties when combined with certain polymers, PLL and PLO.
Alginate is not a perfect polymer though. It can be difficult to modify, does not have cell
binding sites, and is difficult to apply to other regenerative medicine applications besides
encapsulation due to the way it crosslinks only in liquid. The first project (Chapter 2)
described a new microencapsulator based on a reusable and scalable microfluidic
platform. This has provided us with the ability to make monodisperse microbeads almost
10x smaller than our previous encapsulation devices. With the ability to make alginate
capsules ranging from 30 µm to 3 mm in diameter, based on what encapsulator is being
used, the applications that alginate can be used for expands. We also can more precisely
encapsulate small cells like MSCs due to the increased monodispersity of the beads made
with the MFD. The second project (Chapters 3 and 4) described a chemical modification
of alginate that increased its pH sensitivity. By oxidizing the alginate backbone, we were
able to shift the pKa of the polymer so that it would stay intact at low pH but become
deprotonated around neutral pH causing it to swell and degrade. This has many
applications in oral drug delivery and we investigated one of those in probiotic
encapsulation. The gut microbiome is made up of hundreds of different bacteria strains
that help preserve the gut health, prevent inflammation, conserve energy, and more.
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When these probiotics are destroyed or out of balance, many of these beneficial effects
are lost and diseases such as T2D, C. Diff. infection, and even Alzheimer’s disease have
been known to occur [220, 223, 239, 243, 273-275]. By encapsulating probiotics such as
L. Casei in the modified alginate, we were able to devise a method of protecting the
bacteria from the stomach acid while also releasing them in a targeted section of the gut
for repopulation. This method of oral probiotic delivery is ideal for patients who need to
take daily or weekly doses which are commen for treatment of the aforementioned
diseases. Right now, the FMT is the only other proven method of repopulation and it is
not very practical for regular dosing due to the need of a physician to administer it. The
third project (Chapter 5) describes the modulation of alginate to mimic the ECM
surrounding pancreatic islets. Post-isolation, islets are in high demand of the necessary
support provided by the ECM so we designed a hydrogel matrix that provides both the
mechanical and biochemical support of the pancreatic microenvironment. Increased
viability and functionality was observed in groups that contained ECM and/or were softer
compared to control groups that are currently used in clinical trials (unencapsulated and
encapsulated in 100 mM CaCl2).

Future Directions

Further work can be done on the results and direction of each project discribed above.
The microfluidic encapsulator is a tool that can now be used to encapsulate cells in beads
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that are small enough to not induce a major inflammatory response if transplanted
directly into tissue. We are currently working to encapsulate MSCs that have been
transfected with a lentiviral vector so that they produce Human Leukocyte Antigen G
(HLA-g) constantly. HLA-g is a protein that plays a role in immune tolerance, especially
during pregnancy. By encapsulating cells that secrete this protein and injecting them
directly into the pancreas, we plan to create a localized immune tolerant site that may
allow for the regrowth of pancreatic islets in T1D patients since they are protected from
autoimmune attack. This approach could circumvent the difficulties of islet encapsulation
as the patient is regrowing their own islets in the native ECM. The modified alginate is
currently being used as an oral drug delivery vehicle as seen by the probiotic delivery
chapter. We are investigating encapsulating other therapeutics into the oxidized alginate
and determining their loading efficiency and release rate. We plan to create a staggered
release approach for a 3 drug cocktail of cell penetrating peptides, protease inhibitors,
and insulin as a way to efficiently deliver insulin orally. By having them release
sequentially, in part due to varying the degree of oxidation on the alginate, we can
maximize the amount of insulin absorbed into the blood stream. To expand on the
probiotic research, an in vivo model representing some of the dysbiosis of gut bacteria
that commonly occurs in human patients could be used to determine the efficacy of the
probiotics encapsulated in the modified alginate delivery vehicle. We could also
investigate how accurate the targeting capabilities of the modified beads are by using an
animal model that allows for real time tracking of the beads and their probiotic payload.
Lastly, more work needs to be done before the biomimetic alginate can be suitable for
132

clinical applications. We plan to have researchers study, more precisely, the individual
effects of many of the major ECM components such as collagen, laminin, and
fibronectin. While together, they clearly provide some benefit to the islets, being able to
have a better understanding the contribution of each protein will help validate the
microbeads as a viable option to treat T1D. In vivo work also needs to be done to in both
small and large animal models to ensure that the capsules can keep the islets alive long
enough for them to receive nutrients from the host’s vascular system. The work here has
laid the foundation for many researchers to expand upon the alginate-based technologies
that I have developed and their biomedical applications and I hope my contribution here
can be used to further biomedical research towards potential breakthroughs.

133

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

Williams, D.F., On the nature of biomaterials. Biomaterials, 2009. 30(30): p. 5897-5909.
Zhu, J. and R.E. Marchant, Design properties of hydrogel tissue-engineering scaffolds.
Expert review of medical devices, 2011. 8(5): p. 607-626.
Lee, K.Y. and D.J. Mooney, Alginate: Properties and biomedical applications. Progress in
Polymer Science, 2012. 37(1): p. 106-126.
Tønnesen, H.H. and J. Karlsen, Alginate in drug delivery systems. Drug development and
industrial pharmacy, 2002. 28(6): p. 621-630.
Krishnan, R., et al., Islet and stem cell encapsulation for clinical transplantation. The
review of diabetic studies: RDS, 2014. 11(1): p. 84.
Beck, J., et al., Islet encapsulation: strategies to enhance islet cell functions. Tissue
engineering, 2007. 13(3): p. 589-599.
Orive, G., et al., Cell encapsulation: Promise and progress. Nature Medicine, 2003. 9: p.
104.
Weir, G., Islet encapsulation: advances and obstacles. Diabetologia, 2013. 56(7): p. 14581461.
Rowley, J.A., G. Madlambayan, and D.J. Mooney, Alginate hydrogels as synthetic
extracellular matrix materials. Biomaterials, 1999. 20(1): p. 45-53.
Alvarez-Lorenzo, C., et al., Crosslinked ionic polysaccharides for stimuli-sensitive drug
delivery. Advanced Drug Delivery Reviews, 2013. 65(9): p. 1148-1171.
Gombotz, W.R. and S. Wee, Protein release from alginate matrices. Advanced drug
delivery reviews, 1998. 31(3): p. 267-285.
Sosnik, A. Alginate Particles as Platform for Drug Delivery by the Oral Route: State-ofthe-Art. International Scholarly Research Notices [Research article] 2014 2014.
Wee, n. and n. Gombotz, Protein release from alginate matrices. Advanced Drug
Delivery Reviews, 1998. 31(3): p. 267-285.
Grant, G.T., et al., Biological interactions between polysaccharides and divalent cations:
the egg‐box model. FEBS letters, 1973. 32(1): p. 195-198.
Vaithilingam, V. and B.E. Tuch, Islet transplantation and encapsulation: an update on
recent developments. The review of diabetic studies: RDS, 2011. 8(1): p. 51.
Poncelet, D., et al., Production of alginate beads by emulsification/internal gelation. I.
Methodology. Applied Microbiology and Biotechnology, 1992. 38(1): p. 39-45.
Krasaekoopt, W., B. Bhandari, and H. Deeth, Evaluation of encapsulation techniques of
probiotics for yoghurt. International Dairy Journal, 2003. 13(1): p. 3-13.
F. Gibbs, S.K., Inteaz Alli, Catherine N. Mulligan, Bernard, Encapsulation in the food
industry: a review. International journal of food sciences and nutrition, 1999. 50(3): p.
213-224.
Hoesli, C.A., et al., Pancreatic cell immobilization in alginate beads produced by emulsion
and internal gelation. Biotechnology and bioengineering, 2011. 108(2): p. 424-434.
Choudhury, P. and M. Kar, Preparation of alginate gel beads containing metformin
hydrochloride using emulsion-gelation method. Tropical Journal of Pharmaceutical
Research, 2005. 4(2): p. 489-493.

134

21.

22.

23.
24.
25.
26.

27.
28.

29.
30.
31.
32.

33.
34.

35.

36.

37.
38.

Baimark, Y. and Y. Srisuwan, Preparation of alginate microspheres by water-in-oil
emulsion method for drug delivery: Effect of Ca2+ post-cross-linking. Advanced Powder
Technology, 2014. 25(5): p. 1541-1546.
Gonçalves, V.S.S., et al., Alginate-based hybrid aerogel microparticles for mucosal drug
delivery. European Journal of Pharmaceutics and Biopharmaceutics, 2016. 107: p. 160170.
Whitesides, G.M., The origins and the future of microfluidics. Nature, 2006. 442(7101):
p. 368.
Jenkins, G. and C.D. Mansfield, Microfluidic diagnostics: methods and protocols. 2013:
Springer.
Moya, M.L., et al., Stability of alginate microbead properties in vitro. Journal of Materials
Science: Materials in Medicine, 2012. 23(4): p. 903-912.
Gelb, H., et al., In vivo inflammatory response to polymethylmethacrylate particulate
debris: effect of size, morphology, and surface area. Journal of orthopaedic research,
1994. 12(1): p. 83-92.
Collins, D.J., et al., The Poisson distribution and beyond: methods for microfluidic droplet
production and single cell encapsulation. Lab on a Chip, 2015. 15(17): p. 3439-3459.
Akbari, S. and T. Pirbodaghi, Microfluidic encapsulation of cells in alginate particles via
an improved internal gelation approach. Microfluidics and nanofluidics, 2014. 16(4): p.
773-777.
Martinez, C.J., et al., A microfluidic approach to encapsulate living cells in uniform
alginate hydrogel microparticles. Macromolecular bioscience, 2012. 12(7): p. 946-951.
Tan, W.H. and S. Takeuchi, Monodisperse alginate hydrogel microbeads for cell
encapsulation. Advanced materials, 2007. 19(18): p. 2696-2701.
Workman, V.L., et al., On‐chip alginate microencapsulation of functional cells.
Macromolecular Rapid Communications, 2008. 29(2): p. 165-170.
Xu, J., et al., Controllable preparation of monodispersed calcium alginate microbeads in
a novel microfluidic system. Chemical Engineering & Technology: Industrial Chemistry‐
Plant Equipment‐Process Engineering‐Biotechnology, 2008. 31(8): p. 1223-1226.
Liu, K., et al., Shape-controlled production of biodegradable calcium alginate gel
microparticles using a novel microfluidic device. Langmuir, 2006. 22(22): p. 9453-9457.
Choi, C.-H., et al., Generation of monodisperse alginate microbeads and in situ
encapsulation of cell in microfluidic device. Biomedical microdevices, 2007. 9(6): p. 855862.
Huang, K.-S., T.-H. Lai, and Y.-C. Lin, Manipulating the generation of Ca-alginate
microspheres using microfluidic channels as a carrier of gold nanoparticles. Lab on a
Chip, 2006. 6(7): p. 954-957.
Utech, S., et al., Microfluidic generation of monodisperse, structurally homogeneous
alginate microgels for cell encapsulation and 3D cell culture. Advanced healthcare
materials, 2015. 4(11): p. 1628-1633.
Nicodemus, G.D. and S.J. Bryant, Cell encapsulation in biodegradable hydrogels for tissue
engineering applications. Tissue Engineering Part B: Reviews, 2008. 14(2): p. 149-165.
Uludag, H., P. De Vos, and P.A. Tresco, Technology of mammalian cell encapsulation.
Advanced drug delivery reviews, 2000. 42(1-2): p. 29-64.
135

39.
40.
41.
42.

43.

44.
45.
46.
47.
48.

49.
50.

51.

52.
53.
54.
55.

56.

Ghidoni, I., et al., Alginate cell encapsulation: new advances in reproduction and
cartilage regenerative medicine. Cytotechnology, 2008. 58(1): p. 49-56.
Chen, C.S., et al., Geometric Control of Cell Life and Death. Science, 1997. 276(5317): p.
1425-1428.
Engler, A.J., et al., Matrix Elasticity Directs Stem Cell Lineage Specification. Cell, 2006.
126(4): p. 677-689.
Duvivier-Kali, V.F., et al., Complete protection of islets against allorejection and
autoimmunity by a simple barium-alginate membrane. Diabetes, 2001. 50(8): p. 16981705.
Wang, N., et al., Alginate encapsulation technology supports embryonic stem cells
differentiation into insulin-producing cells. Journal of biotechnology, 2009. 144(4): p.
304-312.
Barralet, J., et al., Comparison of bone marrow cell growth on 2D and 3D alginate
hydrogels. Journal of materials science: materials in medicine, 2005. 16(6): p. 515-519.
Chen, C.-Y., et al., 3D Porous Calcium-Alginate Scaffolds Cell Culture System Improved
Human Osteoblast Cell Clusters for Cell Therapy. Theranostics, 2015. 5(6): p. 643-655.
Wang, L., et al., Evaluation of sodium alginate for bone marrow cell tissue engineering.
Biomaterials, 2003. 24(20): p. 3475-3481.
Frampton, J., et al., Fabrication and optimization of alginate hydrogel constructs for use
in 3D neural cell culture. Biomedical Materials, 2011. 6(1): p. 015002.
Dvir-Ginzberg, M., T. Elkayam, and S. Cohen, Induced differentiation and maturation of
newborn liver cells into functional hepatic tissue in macroporous alginate scaffolds. The
FASEB Journal, 2008. 22(5): p. 1440-1449.
Shapiro, L. and S. Cohen, Novel alginate sponges for cell culture and transplantation.
Biomaterials, 1997. 18(8): p. 583-590.
Hunt, N.C., R.M. Shelton, and L. Grover, An alginate hydrogel matrix for the localised
delivery of a fibroblast/keratinocyte co‐culture. Biotechnology journal, 2009. 4(5): p.
730-737.
Opara, E.C., J.P. McQuilling, and A.C. Farney, Microencapsulation of Pancreatic Islets for
Use in a Bioartificial Pancreas, in Organ Regeneration: Methods and Protocols, J. Basu
and J.W. Ludlow, Editors. 2013, Humana Press: Totowa, NJ. p. 261-266.
Sittadjody, S., et al., In vivo transplantation of 3D encapsulated ovarian constructs in rats
corrects abnormalities of ovarian failure. Nature communications, 2017. 8(1): p. 1858.
Liu, X.Y., et al., Biocompatibility investigation of polyethylene glycol and alginate-poly-Llysine for islet encapsulation. ASAIO journal, 2010. 56(3): p. 241-245.
de Vos, P., et al., Alginate-based microcapsules for immunoisolation of pancreatic islets.
Biomaterials, 2006. 27(32): p. 5603-5617.
Safley, S.A., et al., Biocompatibility and immune acceptance of adult porcine islets
transplanted intraperitoneally in diabetic NOD mice in calcium alginate poly-L-lysine
microcapsules versus barium alginate microcapsules without poly-L-lysine. 2008, SAGE
Publications.
Vaithilingam, V., et al., Effect of prolonged gelling time on the intrinsic properties of
barium alginate microcapsules and its biocompatibility. Journal of microencapsulation,
2011. 28(6): p. 499-507.
136

57.
58.
59.
60.
61.
62.
63.

64.
65.

66.
67.

68.

69.
70.
71.

72.
73.
74.
75.

Genes, N.G., et al., Effect of substrate mechanics on chondrocyte adhesion to modified
alginate surfaces. Archives of biochemistry and biophysics, 2004. 422(2): p. 161-167.
Chung, T.W., et al., Preparation of alginate/galactosylated chitosan scaffold for
hepatocyte attachment. Biomaterials, 2002. 23(14): p. 2827-2834.
Frantz, C., K.M. Stewart, and V.M. Weaver, The extracellular matrix at a glance. J Cell
Sci, 2010. 123(24): p. 4195-4200.
Jiang, K., et al., 3-D physiomimetic extracellular matrix hydrogels provide a supportive
microenvironment for rodent and human islet culture. Biomaterials, 2018.
Guilak, F., et al., Control of stem cell fate by physical interactions with the extracellular
matrix. Cell stem cell, 2009. 5(1): p. 17-26.
Augst, A.D., H.J. Kong, and D.J. Mooney, Alginate hydrogels as biomaterials.
Macromolecular bioscience, 2006. 6(8): p. 623-633.
De Vos, P., et al., Improved biocompatibility but limited graft survival after purification of
alginate for microencapsulation of pancreatic islets. Diabetologia, 1997. 40(3): p. 262270.
Ryan, E.A., et al., Five-year follow-up after clinical islet transplantation. Diabetes, 2005.
54(7): p. 2060-2069.
de Vos, P., C.G. Hoogmoed, and H.J. Busscher, Chemistry and biocompatibility of
alginate‐PLL capsules for immunoprotection of mammalian cells. Journal of Biomedical
Materials Research: An Official Journal of The Society for Biomaterials, The Japanese
Society for Biomaterials, and The Australian Society for Biomaterials and the Korean
Society for Biomaterials, 2002. 60(2): p. 252-259.
Clark, C.J. and E.C. Opara, Bioartificial Pancreas. Biomaterials and Nanotechnology for
Tissue Engineering, 2016: p. 231.
McQuilling, J., et al. New alginate microcapsule system for angiogenic protein delivery
and immunoisolation of islets for transplantation in the rat omentum pouch. in
Transplantation proceedings. 2011. Elsevier.
Basta, G. and R. Calafiore, Immunoisolation of pancreatic islet grafts with no recipient’s
immunosuppression: actual and future perspectives. Current diabetes reports, 2011.
11(5): p. 384.
Darrabie, M.D., W.F. Kendall Jr, and E.C. Opara, Characteristics of poly-L-ornithinecoated alginate microcapsules. Biomaterials, 2005. 26(34): p. 6846-6852.
Kizilel, S., M. Garfinkel, and E. Opara, The bioartificial pancreas: progress and challenges.
Diabetes technology & therapeutics, 2005. 7(6): p. 968-985.
Calafiore, R. and G. Basta, Alginate/poly-L-ornithine microcapsules for pancreatic islet
cell immunoprotection, in Cell encapsulation technology and therapeutics. 1999,
Springer. p. 138-150.
Orive, G., et al., Engineering a clinically translatable bioartificial pancreas to treat type I
diabetes. Trends in biotechnology, 2018.
Lee, B.R., et al., In situ formation and collagen-alginate composite encapsulation of
pancreatic islet spheroids. Biomaterials, 2012. 33(3): p. 837-845.
Bai, X., et al., Fabrication of engineered heart tissue grafts from alginate/collagen
barium composite microbeads. Biomedical Materials, 2011. 6(4): p. 045002.
Khavari, A., et al., Composite alginate gels for tunable cellular microenvironment
mechanics. Scientific reports, 2016. 6: p. 30854.
137

76.
77.

78.

79.
80.

81.
82.

83.
84.

85.
86.

87.
88.

89.
90.

91.

92.

Alberts, B., et al., The extracellular matrix of animals. 2002.
Mahapatra, C., G.-Z. Jin, and H.-W. Kim, Alginate-hyaluronic acid-collagen composite
hydrogel favorable for the culture of chondrocytes and their phenotype maintenance.
Tissue Engineering and Regenerative Medicine, 2016. 13(5): p. 538-546.
Kim, J., et al., Characterization of low-molecular-weight hyaluronic acid-based hydrogel
and differential stem cell responses in the hydrogel microenvironments. Journal of
Biomedical Materials Research Part A, 2009. 88A(4): p. 967-975.
Kim, Y.M., et al., Adipose‐derived stem cell‐containing hyaluronic acid/alginate hydrogel
improves vocal fold wound healing. The Laryngoscope, 2014. 124(3): p. E64-E72.
Ansari, S., et al., Alginate/hyaluronic acid hydrogel delivery system characteristics
regulate the differentiation of periodontal ligament stem cells toward chondrogenic
lineage. Journal of Materials Science: Materials in Medicine, 2017. 28(10): p. 162.
Park, H. and K.Y. Lee, Facile control of RGD-alginate/hyaluronate hydrogel formation for
cartilage regeneration. Carbohydrate Polymers, 2011. 86(3): p. 1107-1112.
Florczyk, S.J., et al., 3D porous chitosan–alginate scaffolds promote proliferation and
enrichment of cancer stem-like cells. Journal of Materials Chemistry B, 2016. 4(38): p.
6326-6334.
Williams, J.M., et al., Bone tissue engineering using polycaprolactone scaffolds
fabricated via selective laser sintering. Biomaterials, 2005. 26(23): p. 4817-4827.
Kim, Y.B. and G.H. Kim, PCL/alginate composite scaffolds for hard tissue engineering:
fabrication, characterization, and cellular activities. ACS combinatorial science, 2015.
17(2): p. 87-99.
Orive, G., et al., Bioactive cell-hydrogel microcapsules for cell-based drug delivery.
Journal of Controlled Release, 2009. 135(3): p. 203-210.
Rowley, J.A. and D.J. Mooney, Alginate type and RGD density control myoblast
phenotype. Journal of Biomedical Materials Research: An Official Journal of The Society
for Biomaterials, The Japanese Society for Biomaterials, and The Australian Society for
Biomaterials and the Korean Society for Biomaterials, 2002. 60(2): p. 217-223.
Alsberg, E., et al., Engineering growing tissues. Proceedings of the National Academy of
Sciences, 2002. 99(19): p. 12025-12030.
Maia, F.R., et al., Effect of cell density on mesenchymal stem cells aggregation in RGD‐
alginate 3D matrices under osteoinductive conditions. Macromolecular bioscience, 2014.
14(6): p. 759-771.
Hunt, N.C., et al., 3D culture of human pluripotent stem cells in RGD-alginate hydrogel
improves retinal tissue development. Acta biomaterialia, 2017. 49: p. 329-343.
Yu, J., et al., The use of human mesenchymal stem cells encapsulated in RGD modified
alginate microspheres in the repair of myocardial infarction in the rat. Biomaterials,
2010. 31(27): p. 7012-7020.
Ho, S.S., et al., Increased survival and function of mesenchymal stem cell spheroids
entrapped in instructive alginate hydrogels. Stem cells translational medicine, 2016.
5(6): p. 773-781.
Grigore, A., et al., Behavior of encapsulated MG-63 cells in RGD and gelatine-modified
alginate hydrogels. Tissue Engineering Part A, 2014. 20(15-16): p. 2140-2150.

138

93.

94.
95.
96.
97.
98.
99.

100.

101.

102.

103.
104.
105.
106.

107.
108.
109.

110.

Llacua, A., et al., Extracellular matrix components supporting human islet function in
alginate‐based immunoprotective microcapsules for treatment of diabetes. Journal of
biomedical materials research Part A, 2016. 104(7): p. 1788-1796.
Kitzmann, J., et al. Islet oxygen consumption rate dose predicts insulin independence for
first clinical islet allotransplants. in Transplantation proceedings. 2014. Elsevier.
Badylak, S.F., D.O. Freytes, and T.W. Gilbert, Extracellular matrix as a biological scaffold
material: structure and function. Acta biomaterialia, 2009. 5(1): p. 1-13.
Gilbert, T.W., T.L. Sellaro, and S.F. Badylak, Decellularization of tissues and organs.
Biomaterials, 2006. 27(19): p. 3675-3683.
Gilbert, T.W., et al., Production and characterization of ECM powder: implications for
tissue engineering applications. Biomaterials, 2005. 26(12): p. 1431-1435.
Song, J.J. and H.C. Ott, Organ engineering based on decellularized matrix scaffolds.
Trends in molecular medicine, 2011. 17(8): p. 424-432.
Mazzitelli, S., et al., Production and characterization of engineered alginate-based
microparticles containing ECM powder for cell/tissue engineering applications. Acta
biomaterialia, 2011. 7(3): p. 1050-1062.
Gothard, D., et al., In vivo assessment of bone regeneration in alginate/bone ECM
hydrogels with incorporated skeletal stem cells and single growth factors. PloS one,
2015. 10(12): p. e0145080.
Skardal, A., et al., A hydrogel bioink toolkit for mimicking native tissue biochemical and
mechanical properties in bioprinted tissue constructs. Acta biomaterialia, 2015. 25: p.
24-34.
George, M. and T.E. Abraham, Polyionic hydrocolloids for the intestinal delivery of
protein drugs: Alginate and chitosan — a review. Journal of Controlled Release, 2006.
114(1): p. 1-14.
Sharpe, L.A., et al., Therapeutic applications of hydrogels in oral drug delivery. Expert
opinion on drug delivery, 2014. 11(6): p. 901-915.
Mandel, K., et al., alginate-raft formulations in the treatment of heartburn and acid
reflux. Alimentary pharmacology & therapeutics, 2000. 14(6): p. 669-690.
Murata, Y., et al., Use of floating alginate gel beads for stomach-specific drug delivery.
European Journal of Pharmaceutics and Biopharmaceutics, 2000. 50(2): p. 221-226.
Chen, S.-C., et al., A novel pH-sensitive hydrogel composed of N, O-carboxymethyl
chitosan and alginate cross-linked by genipin for protein drug delivery. Journal of
Controlled Release, 2004. 96(2): p. 285-300.
Ramdas, M., et al., Alginate encapsulated bioadhesive chitosan microspheres for
intestinal drug delivery. Journal of biomaterials applications, 1999. 13(4): p. 290-296.
Ribeiro, A.J., et al., Microencapsulation of lipophilic drugs in chitosan-coated alginate
microspheres. International journal of pharmaceutics, 1999. 187(1): p. 115-123.
Yang, J., et al., pH-sensitive interpenetrating network hydrogels based on chitosan
derivatives and alginate for oral drug delivery. Carbohydrate Polymers, 2013. 92(1): p.
719-725.
Luo, Y. and Q. Wang, Recent development of chitosan-based polyelectrolyte complexes
with natural polysaccharides for drug delivery. International journal of biological
macromolecules, 2014. 64: p. 353-367.
139

111.

112.

113.
114.

115.

116.

117.
118.

119.

120.
121.

122.

123.

124.

125.

Huguet, M.L., R.J. Neufeld, and E. Dellacherie, Calcium-alginate beads coated with
polycationic polymers: Comparison of chitosan and DEAE-dextran. Process Biochemistry,
1996. 31(4): p. 347-353.
Ferreira Almeida, P. and A.J. Almeida, Cross-linked alginate–gelatine beads: a new
matrix for controlled release of pindolol. Journal of Controlled Release, 2004. 97(3): p.
431-439.
Priya James, H., et al., Smart polymers for the controlled delivery of drugs – a concise
overview. Acta Pharmaceutica Sinica B, 2014. 4(2): p. 120-127.
El-Sherbiny, I.M., Enhanced pH-responsive carrier system based on alginate and
chemically modified carboxymethyl chitosan for oral delivery of protein drugs:
Preparation and in-vitro assessment. Carbohydrate Polymers, 2010. 80(4): p. 1125-1136.
Kulkarni, R.V., et al., pH-responsive interpenetrating network hydrogel beads of
poly(acrylamide)-g-carrageenan and sodium alginate for intestinal targeted drug
delivery: Synthesis, in vitro and in vivo evaluation. Journal of Colloid and Interface
Science, 2012. 367(1): p. 509-517.
Kirschning, A., N. Dibbert, and G. Dräger, Chemical Functionalization of
Polysaccharides—Towards Biocompatible Hydrogels for Biomedical Applications.
Chemistry–A European Journal, 2018. 24(6): p. 1231-1240.
Buffa, R., et al., Conjugates of modified hyaluronic acid with amino compounds for
biomedical applications. Carbohydrate polymers, 2018. 189: p. 273-279.
Peters, M.C., et al., Release from alginate enhances the biological activity of vascular
endothelial growth factor. Journal of Biomaterials Science, Polymer Edition, 1998. 9(12):
p. 1267-1278.
Edelman, E.R., M.A. Nugent, and M.J. Karnovsky, Perivascular and intravenous
administration of basic fibroblast growth factor: vascular and solid organ deposition.
Proceedings of the National Academy of Sciences, 1993. 90(4): p. 1513-1517.
Lee, M., et al., Biomimetic apatite-coated alginate/chitosan microparticles as osteogenic
protein carriers. Biomaterials, 2009. 30(30): p. 6094-6101.
Hsu, S.h., et al., Evaluation of chitosan‐alginate‐hyaluronate complexes modified by an
RGD‐containing protein as tissue‐engineering scaffolds for cartilage regeneration.
Artificial organs, 2004. 28(8): p. 693-703.
Reed, S. and B.M. Wu, Biological and mechanical characterization of chitosan‐alginate
scaffolds for growth factor delivery and chondrogenesis. Journal of Biomedical Materials
Research Part B: Applied Biomaterials, 2017. 105(2): p. 272-282.
Das, R.K., N. Kasoju, and U. Bora, Encapsulation of curcumin in alginate-chitosanpluronic composite nanoparticles for delivery to cancer cells. Nanomedicine:
Nanotechnology, Biology and Medicine, 2010. 6(1): p. 153-160.
Zhao, Q., et al., Hollow chitosan-alginate multilayer microcapsules as drug delivery
vehicle: doxorubicin loading and in vitro and in vivo studies. Nanomedicine:
Nanotechnology, Biology and Medicine, 2007. 3(1): p. 63-74.
Liu, L.-S., et al., Controlled release of interleukin-2 for tumour immunotherapy using
alginate/chitosan porous microspheres. Journal of Controlled Release, 1997. 43(1): p.
65-74.

140

126.

127.
128.

129.

130.

131.
132.

133.

134.

135.

136.

137.
138.
139.
140.

Lee, K., et al. Sustained release of vascular endothelial growth factor from calciuminduced alginate hydrogels reinforced by heparin and chitosan. in Transplantation
proceedings. 2004. Elsevier.
Liao, I.-C., et al., Controlled release from fibers of polyelectrolyte complexes. Journal of
Controlled Release, 2005. 104(2): p. 347-358.
Killeen, R., et al., Identification of major heparin‐binding proteins in plasma using
electrophoresis and mass spectrometry. International Journal of Experimental
Pathology, 2004. 85(4): p. A69-A69.
Jeon, O., et al., Affinity-based growth factor delivery using biodegradable,
photocrosslinked heparin-alginate hydrogels. Journal of Controlled Release, 2011.
154(3): p. 258-266.
Singh, S., B.M. Wu, and J.C. Dunn, The enhancement of VEGF-mediated angiogenesis by
polycaprolactone scaffolds with surface cross-linked heparin. Biomaterials, 2011. 32(8):
p. 2059-2069.
Edelman, E.R., et al., Controlled and modulated release of basic fibroblast growth factor.
Biomaterials, 1991. 12(7): p. 619-626.
Ohta, M., et al., Novel heparin/alginate gel combined with basic fibroblast growth factor
promotes nerve regeneration in rat sciatic nerve. Journal of Biomedical Materials
Research Part A: An Official Journal of The Society for Biomaterials, The Japanese
Society for Biomaterials, and The Australian Society for Biomaterials and the Korean
Society for Biomaterials, 2004. 71(4): p. 661-668.
Tanihara, M., et al., Sustained release of basic fibroblast growth factor and angiogenesis
in a novel covalently crosslinked gel of heparin and alginate. Journal of Biomedical
Materials Research: An Official Journal of The Society for Biomaterials, The Japanese
Society for Biomaterials, and The Australian Society for Biomaterials and the Korean
Society for Biomaterials, 2001. 56(2): p. 216-221.
Abbah, S.A., et al., Enhanced control of in vivo bone formation with surface
functionalized alginate microbeads incorporating heparin and human bone
morphogenetic protein-2. Tissue Engineering Part A, 2012. 19(3-4): p. 350-359.
Luo, Y., et al., Concentrated gelatin/alginate composites for fabrication of predesigned
scaffolds with a favorable cell response by 3D plotting. RSC Advances, 2015. 5(54): p.
43480-43488.
Yan, J., et al., Injectable alginate/hydroxyapatite gel scaffold combined with gelatin
microspheres for drug delivery and bone tissue engineering. Materials Science and
Engineering: C, 2016. 63: p. 274-284.
Venkatesan, J., et al., Alginate composites for bone tissue engineering: a review.
International journal of biological macromolecules, 2015. 72: p. 269-281.
Balakrishnan, B., et al., Evaluation of an in situ forming hydrogel wound dressing based
on oxidized alginate and gelatin. Biomaterials, 2005. 26(32): p. 6335-6342.
Choi, Y.S., et al., Study on gelatin-containing artificial skin: I. Preparation and
characteristics of novel gelatin-alginate sponge. Biomaterials, 1999. 20(5): p. 409-417.
Boateng, J., et al., Composite alginate and gelatin based bio-polymeric wafers containing
silver sulfadiazine for wound healing. International journal of biological macromolecules,
2015. 79: p. 63-71.
141

141.

142.

143.

144.
145.

146.

147.
148.
149.
150.
151.
152.

153.
154.

155.
156.
157.
158.
159.

Pankongadisak, P., et al., Development of silver nanoparticles‐loaded calcium alginate
beads embedded in gelatin scaffolds for use as wound dressings. Polymer International,
2015. 64(2): p. 275-283.
Sotome, S., et al., Synthesis and in vivo evaluation of a novel hydroxyapatite/collagen–
alginate as a bone filler and a drug delivery carrier of bone morphogenetic protein.
Materials Science and Engineering: C, 2004. 24(3): p. 341-347.
Lee, H.-j., S.-H. Ahn, and G.H. Kim, Three-dimensional collagen/alginate hybrid scaffolds
functionalized with a drug delivery system (DDS) for bone tissue regeneration. Chemistry
of Materials, 2011. 24(5): p. 881-891.
Wang, X., et al., Silk coatings on PLGA and alginate microspheres for protein delivery.
Biomaterials, 2007. 28(28): p. 4161-4169.
Lim, M.P.A., et al., One-step fabrication of core–shell structured alginate–PLGA/PLLA
microparticles as a novel drug delivery system for water soluble drugs. Biomaterials
Science, 2013. 1(5): p. 486-493.
Galant, C., et al., Altering Associations in Aqueous Solutions of a Hydrophobically
Modified Alginate in the Presence of β-Cyclodextrin Monomers. The Journal of Physical
Chemistry B, 2006. 110(1): p. 190-195.
Choudhary, S., et al., Hydrophobically modified alginate for extended release of
pharmaceuticals. Polymers for Advanced Technologies, 2018. 29(1): p. 198-204.
Kang, H.-A., M.S. Shin, and J.-W. Yang, Preparation and characterization of
hydrophobically modified alginate. Polymer Bulletin, 2002. 47(5): p. 429-435.
Desai, R.M., et al., Versatile click alginate hydrogels crosslinked via tetrazine–norbornene
chemistry. Biomaterials, 2015. 50: p. 30-37.
Utada, A., et al., Monodisperse double emulsions generated from a microcapillary
device. Science, 2005. 308(5721): p. 537-541.
Yang, Y., et al., Microencapsulation of porcine thyroid cell organoids within a polymer
microcapsule construct. Experimental Biology and Medicine, 2017. 242(3): p. 286-296.
Yamada, M., et al., Controlled formation of heterotypic hepatic micro-organoids in
anisotropic hydrogel microfibers for long-term preservation of liver-specific functions.
Biomaterials, 2012. 33(33): p. 8304-8315.
Sharma, V., et al., Microfluidic approach to cell microencapsulation, in Cell
Microencapsulation. 2017, Springer. p. 71-76.
Huang, H., et al., Generation and manipulation of hydrogel microcapsules by dropletbased microfluidics for mammalian cell culture. Lab on a Chip, 2017. 17(11): p. 19131932.
Sia, S.K. and G.M. Whitesides, Microfluidic devices fabricated in poly (dimethylsiloxane)
for biological studies. Electrophoresis, 2003. 24(21): p. 3563-3576.
Andersson, H. and A. Van den Berg, Microfluidic devices for cellomics: a review. Sensors
and actuators B: Chemical, 2003. 92(3): p. 315-325.
Sajeesh, P. and A.K. Sen, Particle separation and sorting in microfluidic devices: a review.
Microfluidics and nanofluidics, 2014. 17(1): p. 1-52.
Edd, J.F., et al., Controlled encapsulation of single-cells into monodisperse picolitre
drops. Lab on a Chip, 2008. 8(8): p. 1262-1264.
Collins, D.J., et al., The Poisson distribution and beyond: methods for microfluidic droplet
production and single cell encapsulation. Lab on a Chip, 2015. 15(17): p. 3439-3459.
142

160.

161.

162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.

174.
175.
176.
177.
178.
179.
180.

Chabert, M. and J.-L. Viovy, Microfluidic high-throughput encapsulation and
hydrodynamic self-sorting of single cells. Proceedings of the National Academy of
Sciences, 2008. 105(9): p. 3191-3196.
Clausell-Tormos, J., et al., Droplet-based microfluidic platforms for the encapsulation and
screening of mammalian cells and multicellular organisms. Chemistry & biology, 2008.
15(5): p. 427-437.
Schmitz, C.H., et al., Dropspots: a picoliter array in a microfluidic device. Lab on a Chip,
2009. 9(1): p. 44-49.
Nunes, J., et al., Dripping and jetting in microfluidic multiphase flows applied to particle
and fibre synthesis. Journal of physics D: Applied physics, 2013. 46(11): p. 114002.
Velasco, D., E. Tumarkin, and E. Kumacheva, Microfluidic encapsulation of cells in
polymer microgels. Small, 2012. 8(11): p. 1633-1642.
Christopher, G.F., et al., Experimental observations of the squeezing-to-dripping
transition in T-shaped microfluidic junctions. Physical Review E, 2008. 78(3): p. 036317.
Sauret, A. and H.C. Shum, Beating the jetting regime. International Journal of Nonlinear
Sciences and Numerical Simulation, 2012. 13(5): p. 351-362.
Chaurasia, A.S. and S. Sajjadi, Millimetric core–shell drops via buoyancy assisted nonconfined microfluidics. Chemical Engineering Science, 2015. 129: p. 260-270.
Cooksey, G.A. and J. Atencia, Pneumatic valves in folded 2D and 3D fluidic devices made
from plastic films and tapes. Lab on a Chip, 2014. 14(10): p. 1665-1668.
Atencia, J., G.A. Cooksey, and L.E. Locascio, A robust diffusion-based gradient generator
for dynamic cell assays. Lab on a Chip, 2012. 12(2): p. 309-316.
Rasband, W.S., Imagej, us national institutes of health, bethesda, maryland, usa.
http://imagej. nih. gov/ij/, 2011.
Utada, A., et al., Dripping, jetting, drops, and wetting: The magic of microfluidics. Mrs
Bulletin, 2007. 32(9): p. 702-708.
Köster, S., et al., Drop-based microfluidic devices for encapsulation of single cells. Lab on
a Chip, 2008. 8(7): p. 1110-1115.
Liu, K., et al., Generation of disk-like hydrogel beads for cell encapsulation and
manipulation using a droplet-based microfluidic device. Microfluidics and Nanofluidics,
2012. 13(5): p. 761-767.
Shintaku, H., et al., Micro cell encapsulation and its hydrogel-beads production using
microfluidic device. Microsystem Technologies, 2007. 13(8-10): p. 951-958.
Tendulkar, S., M. K Ramasubramanian, and E. C Opara, Microencapsulation: the
emerging role of microfluidics. Micro and Nanosystems, 2013. 5(3): p. 194-208.
Chung, B.G., et al., Microfluidic fabrication of microengineered hydrogels and their
application in tissue engineering. Lab on a Chip, 2012. 12(1): p. 45-59.
Tendulkar, S., et al. A scalable microfluidic device for the mass production of
microencapsulated islets. in Transplantation proceedings. 2011. Elsevier.
Ngo, I.-L., et al., A numerical study on the dynamics of droplet formation in a microfluidic
double T-junction. Biomicrofluidics, 2015. 9(2): p. 024107.
Krishnamurthy, N. and B. Gimi, Encapsulated cell grafts to treat cellular deficiencies and
dysfunction. Critical Reviews™ in Biomedical Engineering, 2011. 39(6).
Cirone, P., F. Shen, and P.L. Chang, A multiprong approach to cancer gene therapy by
coencapsulated cells. Cancer gene therapy, 2005. 12(4): p. 369.
143

181.

182.
183.
184.
185.
186.
187.

188.
189.

190.

191.

192.
193.

194.

195.

196.
197.
198.

Boura, J.S., et al., Evaluation of gene delivery strategies to efficiently overexpress
functional HLA-G on human bone marrow stromal cells. Molecular Therapy-Methods &
Clinical Development, 2014. 1.
Selmani, Z., et al., HLA-G is a crucial immunosuppressive molecule secreted by adult
human mesenchymal stem cells. Transplantation, 2009. 87(9S): p. S62-S66.
Nasef, A., et al., Immunosuppressive effects of mesenchymal stem cells: involvement of
HLA-G. Transplantation, 2007. 84(2): p. 231-237.
Gupta, P., K. Vermani, and S. Garg, Hydrogels: from controlled release to pH-responsive
drug delivery. Drug Discov Today, 2002. 7(10): p. 569-79.
Qiu, Y. and K. Park, Environment-sensitive hydrogels for drug delivery. Advanced Drug
Delivery Reviews, 2001. 53(3): p. 321-339.
Thomas, S., Alginate dressings in surgery and wound management--Part 1. Journal of
Wound Care, 2000. 9(2): p. 56-60.
Jeong, B., Y.H. Bae, and S.W. Kim, Drug release from biodegradable injectable
thermosensitive hydrogel of PEG–PLGA–PEG triblock copolymers. Journal of controlled
release, 2000. 63(1-2): p. 155-163.
Bhattarai, N., J. Gunn, and M. Zhang, Chitosan-based hydrogels for controlled, localized
drug delivery. Advanced Drug Delivery Reviews, 2010. 62(1): p. 83-99.
Cikrikci, S., B. Mert, and M.H. Oztop, Development of pH Sensitive Alginate/Gum
Tragacanth Based Hydrogels for Oral Insulin Delivery. Journal of agricultural and food
chemistry, 2018. 66(44): p. 11784-11796.
Amiji, M., et al., Gelatin-Poly(Ethylene Oxide) Semi-interpenetrating Polymer Network
with pH-Sensitive Swelling and Enzyme-Degradable Properties for Oral Drug Delivery.
Drug Development and Industrial Pharmacy, 1997. 23(6): p. 575-582.
Bilia, A., et al., In vitro evaluation of a pH-sensitive hydrogel for control of GI drug
delivery from silicone-based matrices. International Journal of Pharmaceutics, 1996.
130(1): p. 83-92.
Simoes, S., A. Figueiras, and F. Veiga, Modular Hydrogels for Drug Delivery. Vol. 3. 2012.
185.
Yang, J., et al., pH-Sensitive Chitosan–Sodium Phytate Core–Shell Hollow Beads and
Nanocapsules for the Encapsulation of Active Ingredients. Journal of Agricultural and
Food Chemistry, 2019. 67(10): p. 2894-2905.
Patel, V.R. and M.M. Amiji, Preparation and Characterization of Freeze-dried ChitosanPoly(Ethylene Oxide) Hydrogels for Site-Specific Antibiotic Delivery in the Stomach.
Pharmaceutical Research, 1996. 13(4): p. 588-593.
Şen, M., C. Uzun, and O. Güven, Controlled release of terbinafine hydrochloride from pH
sensitive poly(acrylamide/maleic acid) hydrogels. International Journal of
Pharmaceutics, 2000. 203(1): p. 149-157.
Smidsrød, O. and G. Skja, Alginate as immobilization matrix for cells. Trends in
biotechnology, 1990. 8: p. 71-78.
Kiene, K., et al., Self-assembling chitosan hydrogel: A drug-delivery device enabling the
sustained release of proteins. Journal of Applied Polymer Science: p. n/a-n/a.
Iwanaga, S., et al., Facile fabrication of uniform size-controlled microparticles and
potentiality for tandem drug delivery system of micro/nanoparticles. Colloids and
Surfaces B: Biointerfaces, 2013. 109: p. 301-306.
144

199.
200.
201.
202.
203.
204.

205.

206.
207.

208.
209.
210.

211.
212.

213.
214.
215.

216.
217.

Darrabie, M.D., W.F. Kendall, and E.C. Opara, Effect of alginate composition and gelling
cation on micro-bead swelling. Journal of microencapsulation, 2006. 23(1): p. 29-37.
Lee, K.Y. and S.H. Yuk, Polymeric protein delivery systems. Progress in Polymer Science,
2007. 32(7): p. 669-697.
Patil, J., Hydrogel System: An Approach for Drug Delivery Modulation. Advances in
Pharmacoepidemiology & Drug Safety, 2015.
Dalheim, M.Ø., et al., Efficient functionalization of alginate biomaterials. Biomaterials,
2016. 80(Supplement C): p. 146-156.
Yang, J.-S., Y.-J. Xie, and W. He, Research progress on chemical modification of alginate:
A review. Carbohydrate Polymers, 2011. 84(1): p. 33-39.
Bu, H., et al., Rheological and Structural Properties of Aqueous Alginate during Gelation
via the Ugi Multicomponent Condensation Reaction. Biomacromolecules, 2004. 5(4): p.
1470-1479.
Bu, H., et al., Interaction of unmodified and hydrophobically modified alginate with
sodium dodecyl sulfate in dilute aqueous solution: Calorimetric, rheological, and
turbidity studies. Vol. 278. 2006. 166.
Gomez, C.G., et al., Synthesis and characterization of a β-CD-alginate conjugate.
Polymer, 2006. 47(26): p. 8509-8516.
Zhu, L.M. and C.L. Xin, Preparation of a Superabsorbent Resistant to Saline Solution by
Copolymerization of Acrylic Acid with Sodium Polymannuronate. Chinese Journal of
Applied Chemistry, 2002. 05.
Sakai, S. and K. Kawakami, Synthesis and characterization of both ionically and
enzymatically cross-linkable alginate. Acta biomaterialia, 2007. 3(4): p. 495-501.
Grasdalen, H., B. Larsen, and O. Smidsrød, A pmr study of the composition and sequence
of uronate residues in alginates. Carbohydrate Research, 1979. 68(1): p. 23-31.
Gottlieb, H.E., V. Kotlyar, and A. Nudelman, NMR chemical shifts of common laboratory
solvents as trace impurities. The Journal of organic chemistry, 1997. 62(21): p. 75127515.
Bharti, S.K. and R. Roy, Quantitative 1H NMR spectroscopy. TrAC Trends in Analytical
Chemistry, 2012. 35: p. 5-26.
Johnson Jr, C.S., Diffusion ordered nuclear magnetic resonance spectroscopy: principles
and applications. Progress in Nuclear Magnetic Resonance Spectroscopy, 1999. 34(3-4):
p. 203-256.
Gandhi, J.K., E.C. Opara, and E.M. Brey, Alginate-based strategies for therapeutic
vascularization. Therapeutic delivery, 2013. 4(3): p. 327-341.
Amsden, B. and N. Turner, Diffusion characteristics of calcium alginate gels.
Biotechnology and Bioengineering, 1999. 65(5): p. 605-610.
Kristiansen, K.A., A. Potthast, and B.E. Christensen, Periodate oxidation of
polysaccharides for modification of chemical and physical properties. Carbohydrate
Research, 2010. 345(10): p. 1264-1271.
Murri, M., et al., Gut microbiota in children with type 1 diabetes differs from that in
healthy children: a case-control study. BMC medicine, 2013. 11(1): p. 46.
Wen, L., et al., Innate immunity and intestinal microbiota in the development of Type 1
diabetes. Nature, 2008. 455(7216): p. 1109.
145

218.

219.

220.
221.
222.
223.
224.
225.
226.

227.
228.
229.

230.
231.
232.
233.
234.
235.

236.
237.

Vaarala, O., M.A. Atkinson, and J. Neu, The “perfect storm” for type 1 diabetes: the
complex interplay between intestinal microbiota, gut permeability, and mucosal
immunity. Diabetes, 2008. 57(10): p. 2555-2562.
Vrieze, A., et al., Transfer of intestinal microbiota from lean donors increases insulin
sensitivity in individuals with metabolic syndrome. Gastroenterology, 2012. 143(4): p.
913-916. e7.
Kostic, A.D., et al., The dynamics of the human infant gut microbiome in development
and in progression toward type 1 diabetes. Cell host & microbe, 2015. 17(2): p. 260-273.
Giongo, A., et al., Toward defining the autoimmune microbiome for type 1 diabetes. The
ISME journal, 2011. 5(1): p. 82.
Paun, A., C. Yau, and J.S. Danska, The influence of the microbiome on type 1 diabetes.
The Journal of Immunology, 2017. 198(2): p. 590-595.
Zheng, P., Z. Li, and Z. Zhou, Gut microbiome in type 1 diabetes: A comprehensive review.
Diabetes/metabolism research and reviews, 2018: p. e3043.
!!! INVALID CITATION !!! {}.
Champagne, C.P., N.J. Gardner, and D. Roy, Challenges in the addition of probiotic
cultures to foods. Critical reviews in food science and nutrition, 2005. 45(1): p. 61-84.
Champagne, C.P. and P. Fustier, Microencapsulation for the improved delivery of
bioactive compounds into foods. Current Opinion in Biotechnology, 2007. 18(2): p. 184190.
Reid, G., Probiotics and prebiotics – Progress and challenges. International Dairy Journal,
2008. 18(10): p. 969-975.
Borody, T.J. and A. Khoruts, Fecal microbiota transplantation and emerging applications.
Nature reviews Gastroenterology & hepatology, 2012. 9(2): p. 88.
Vrieze, A., et al., Fecal transplant: a safe and sustainable clinical therapy for restoring
intestinal microbial balance in human disease? Best Practice & Research Clinical
Gastroenterology, 2013. 27(1): p. 127-137.
Bakken, J.S., et al., Treating Clostridium difficile infection with fecal microbiota
transplantation. Clinical Gastroenterology and Hepatology, 2011. 9(12): p. 1044-1049.
Sastry, S.V., J.R. Nyshadham, and J.A. Fix, Recent technological advances in oral drug
delivery–a review. Pharmaceutical science & technology today, 2000. 3(4): p. 138-145.
Wang, B., L. Hu, and T.J. Siahaan, Drug delivery: principles and applications. 2016: John
Wiley & Sons.
Graham, D.Y. and J.L. Smith, Aspirin and the stomach. Annals of internal medicine, 1986.
104(3): p. 390-398.
Cook, M.T., et al., Microencapsulation of probiotics for gastrointestinal delivery. Journal
of Controlled Release, 2012. 162(1): p. 56-67.
Nobaek, S., et al., Alteration of intestinal microflora is associated with reduction in
abdominal bloating and pain in patients with irritable bowel syndrome. The American
Journal of Gastroenterology, 2000. 95(5): p. 1231-1238.
de Vos, P., et al., Encapsulation for preservation of functionality and targeted delivery of
bioactive food components. International Dairy Journal, 2010. 20(4): p. 292-302.
Lee, B.J. and Y.-T. Bak, Irritable bowel syndrome, gut microbiota and probiotics. Journal
of neurogastroenterology and motility, 2011. 17(3): p. 252.
146

238.

239.
240.

241.
242.

243.

244.
245.
246.
247.
248.
249.
250.

251.

252.
253.
254.

255.

O'Toole, P.W. and J.C. Cooney, Probiotic bacteria influence the composition and function
of the intestinal microbiota. Interdisciplinary perspectives on infectious diseases, 2008.
2008.
Sánchez, B., et al., Probiotics, gut microbiota, and their influence on host health and
disease. Molecular Nutrition & Food Research, 2017. 61(1): p. 1600240.
Amara, A. and A. Shibl, Role of Probiotics in health improvement, infection control and
disease treatment and management. Saudi pharmaceutical journal, 2015. 23(2): p. 107114.
Sanders, M.E., et al., An update on the use and investigation of probiotics in health and
disease. Gut, 2013. 62(5): p. 787-796.
Hemarajata, P. and J. Versalovic, Effects of probiotics on gut microbiota: mechanisms of
intestinal immunomodulation and neuromodulation. Therapeutic Advances in
Gastroenterology, 2013. 6(1): p. 39-51.
McFarland, L.V., Meta-analysis of probiotics for the prevention of antibiotic associated
diarrhea and the treatment of Clostridium difficile disease. The American journal of
gastroenterology, 2006. 101(4): p. 812.
Tiwari, G., et al., Drug delivery systems: An updated review. International journal of
pharmaceutical investigation, 2012. 2(1): p. 2.
Prestwich, G.D. and Y. Luo, Novel biomaterials for drug delivery. Expert Opinion on
Therapeutic Patents, 2001. 11(9): p. 1395-1410.
Kumari, A., S.K. Yadav, and S.C. Yadav, Biodegradable polymeric nanoparticles based
drug delivery systems. Colloids and surfaces B: Biointerfaces, 2010. 75(1): p. 1-18.
Bixler, H.J. and H. Porse, A decade of change in the seaweed hydrocolloids industry.
Journal of applied Phycology, 2011. 23(3): p. 321-335.
Agüero, L., et al., Alginate microparticles as oral colon drug delivery device: A review.
Carbohydrate Polymers, 2017. 168: p. 32-43.
Chávez, B. and A. Ledeboer, Drying of probiotics: optimization of formulation and
process to enhance storage survival. Drying technology, 2007. 25(7-8): p. 1193-1201.
Abuhelwa, A.Y., D.J. Foster, and R.N. Upton, A quantitative review and meta-models of
the variability and factors affecting oral drug absorption—part I: gastrointestinal pH.
The AAPS journal, 2016. 18(5): p. 1309-1321.
Guo, B.-L. and Q.-Y. Gao, Preparation and properties of a pH/temperature-responsive
carboxymethyl chitosan/poly (N-isopropylacrylamide) semi-IPN hydrogel for oral delivery
of drugs. Carbohydrate research, 2007. 342(16): p. 2416-2422.
Jansson, L. and C. Hellerström, Stimulation by glucose of the blood flow to the pancreatic
islets of the rat. Diabetologia, 1983. 25(1): p. 45-50.
Lifson, N., et al., Blood flow to the rabbit pancreas with special reference to the islets of
Langerhans. Gastroenterology, 1980. 79(3): p. 466-473.
Ibarra, V., et al., Evaluation of the tissue response to alginate encapsulated islets in an
omentum pouch model. Journal of biomedical materials research. Part A, 2016. 104(7):
p. 1581.
Pareta, R., et al., Long-term function of islets encapsulated in a re-designed alginate
microcapsule construct in omentum pouches of immune-competent diabetic rats.
Pancreas, 2014. 43(4): p. 605.
147

256.
257.

258.
259.
260.
261.
262.
263.
264.
265.
266.

267.
268.
269.
270.
271.
272.

273.

274.
275.

Farney, A.C., D.E. Sutherland, and E.C. Opara, Evolution of islet transplantation for the
last 30 years. Pancreas, 2016. 45(1): p. 8-20.
Pathak, A. and S. Kumar, Independent regulation of tumor cell migration by matrix
stiffness and confinement. Proceedings of the National Academy of Sciences, 2012.
109(26): p. 10334-10339.
Evans, N.D., et al., Substrate stiffness affects early differentiation events in embryonic
stem cells. Eur cell mater, 2009. 18(1): p. e13.
Discher, D.E., P. Janmey, and Y.-l. Wang, Tissue cells feel and respond to the stiffness of
their substrate. Science, 2005. 310(5751): p. 1139-1143.
Gilbert, P.M., et al., Substrate elasticity regulates skeletal muscle stem cell self-renewal
in culture. Science, 2010. 329(5995): p. 1078-1081.
Lopez, J., J. Mouw, and V. Weaver, Biomechanical regulation of cell orientation and fate.
Oncogene, 2008. 27(55): p. 6981.
Yu, H., J.K. Mouw, and V.M. Weaver, Forcing form and function: biomechanical
regulation of tumor evolution. Trends in cell biology, 2011. 21(1): p. 47-56.
Freytes, D.O., et al., Preparation and rheological characterization of a gel form of the
porcine urinary bladder matrix. Biomaterials, 2008. 29(11): p. 1630-1637.
Fraker, C.A., The Role of Oxygen During In Vitro Culture and Immunoisolation of Islets of
Langerhans. 2011.
Gasperini, L., J.F. Mano, and R.L. Reis, Natural polymers for the microencapsulation of
cells. Journal of The Royal Society Interface, 2014. 11(100).
Chan, G. and D.J. Mooney, Ca2+ released from calcium alginate gels can promote
inflammatory responses in vitro and in vivo. Acta biomaterialia, 2013. 9(12): p. 92819291.
Richardson, T., et al., Capsule stiffness regulates the efficiency of pancreatic
differentiation of human embryonic stem cells. Acta Biomater, 2016. 35: p. 153-65.
Maia, F.R., et al., Matrix-driven formation of mesenchymal stem cell-extracellular matrix
microtissues on soft alginate hydrogels. Acta Biomater, 2014. 10(7): p. 3197-208.
Chandler, E.M., et al., Stiffness of photocrosslinked RGD-alginate gels regulates adipose
progenitor cell behavior. Biotechnology and bioengineering, 2011. 108(7): p. 1683-92.
Saldin, L.T., et al., Extracellular matrix hydrogels from decellularized tissues: structure
and function. Acta biomaterialia, 2017. 49: p. 1-15.
Riopel, M. and R. Wang, Collagen matrix support of pancreatic islet survival and
function. Front Biosci, 2014. 19(1): p. 77-90.
Yi, H., et al., Tissue-specific extracellular matrix promotes myogenic differentiation of
human muscle progenitor cells on gelatin and heparin conjugated alginate hydrogels.
Acta biomaterialia, 2017. 62: p. 222-233.
Ozcan, U., Q. Cao, and E. Yilmaz, Endoplasmic reticulum stress links obesity, insulin
action, and type 2 diabetes. Science 2004; 306: 457-61. J Soc Gynecol Investig, 2006.
13(1): p. 57.
Hartstra, A.V., et al., Insights into the role of the microbiome in obesity and type 2
diabetes. Diabetes care, 2015. 38(1): p. 159-165.
I Naseer, M., et al., Role of gut microbiota in obesity, type 2 diabetes and Alzheimer’s
disease. CNS & Neurological Disorders-Drug Targets (Formerly Current Drug Targets-CNS
& Neurological Disorders), 2014. 13(2): p. 305-311.
148

149

CURRICULUM VITAE
KEVIN ENCK
Cell: 585-781-0577
Email: kenck@wakehealth.edu, kevinenc@vt.edu
Permanent: 1534 S Hawthorne Rd. Winston Salem, NC 27103
EDUCATION
University at Buffalo
Buffalo, New York
Bachelor of Science Degree in Biomedical Engineering

2010-2014

Virginia Tech – Wake Forest University
Winston-Salem, North Carolina
Masters of Science Degree in Biomedical Engineering
2014-2015
Designing an in-house ELISA to quantify insulin concentrations in isolated samples.
PhD in Biomedical Engineering
2016-2019
Alginate-based Technologies and Biomedical Applications
RELEVANT EXPERIENCE
Wake Forest Institute for Regenerative Medicine
(WFIRM)
Fall 2014-Current
Master’s and PhD Thesis Research conducted under Dr. Emannuel C. Opara
T32 NIH Predoctoral Fellow
PhD Thesis Research Area 1: Microfluidic device for monodisperse
microencapsulation
- Device design with CAD software, laser cutter, and xurographic patterning
technique
- Encapsulation of MSCs for direct implantation into pancreas to inhibit
autoimmunity of type 1 diabetes
PhD Thesis Research Area 2: Chemical modification of alginate for targeted oral
drug delivery
- Oxidation of alginate biomaterial lead to successful delivery of therapeutics to
gut and protected from stomach acid
- Culturing and assessment of probiotics for encapsulation and delivery through
gastric and intestinal conditions
PhD Thesis Research Area 3: Next generation bioartificial pancreas development
- Decellularization of pancreas and development of soluble ECM powder
- Incorporation of ECM powder into alginate alongside hydrogel stiffness
adjustments to mimic native pancreas for islet encapsulation
- Islet functionality assessment with self-designed dynamic perifusion system
Masters Research Area 4: Designing an in-house Insulin ELISA
- Assay development for sandwich ELISA to detect human and porcine insulin
150

- Reduced cost by up to 4x compared to industry standard while maintaining
sensitivity
Research Area 5: In Vivo assessment of encapsulated MSCs for treatment of type 1
diabetes
- Performed animal surgeries to transplant encapsulated MSCs into omentum of
T1D animal model
- Evaluated animal blood glucose, C-peptide, and overall health
- Histological analysis of transplanted MSCs for multiple factors of T1D
improvement
Research Area 6: Chemically modified oxygen generating particles for improved islet
functionality
- Performed organic chemistry to coat oxygen generating particles in
hydrophobic polymer
- Measured oxygen release over time to determine improved islet function
Research Area 7: Selective osmotic shock (SOS)-based isolation for
microencapsulation
- Developed new isolation method for islet isolation to reduce collagenase-based
damage
- Optimized for both porcine and human islets
- In Vivo testing to compare to gold standard
Publications:
Kevin Enck, John P. McQuilling, Giuseppe Orlando, Riccardo Tamburrini, Sivanandane
Sittadjody, Emmanuel C. Opara. Selective Osmotic Shock (SOS)-Based Islet Isolation for
Microencapsulation. Methods Mol. Biol. 2016
Ravi Katari, Lauren Edgar, Kevin Enck, Andrea Peloso, RiccardoTamburrini, Giuseppe Orlando.
Tissue Bioengineering in Transplantation. 2016
Sivanandane Sittadjody, Kevin Enck, Alexandra Wells, James J. Yoo, Anthony Atala, Justin
Michael Saul, Emmanuel C. Opara. Encapsulation of Mesenchymal Stem Cells in 3D Ovarian
Cell Constructs Promotes Stable and Long-Term Hormone Secretion with Improved
Physiological Outcomes. Submitted
Kevin Enck, Simone Castagno, Emily Long, Julio Aleman, Shiny Priya Rajan, Adam R. Hall,
Emmanuel C. Opara. Design of a Microfluidic Device for Alginate Hydrogel-based Cell
Encapsulation. Submitted
Kevin Enck, Surya Banks, Marcus Wright, Emmanuel C. Opara, Mark Welker. Chemical
Modification of Alginate for Controlled Oral Drug Delivery. Journal of Food and Agricultural
Chemistry. 2019 Submitted

Presentations
Effect of Alginate Microcapsule Stiffness on Encapsulated Ovarian Cell Viability
151

Virginia Tech/Wake Forest SBES Presentation: Blacksburg, Va. Spring 2015
BMES Conference: Tampa, Fl. Fall 2015
NCTERMS: Winston-Salem, NC. Fall 2015
Non-Enzymatic Selective Osmotic Shock for the Isolation of Human Islets
Virginia Tech/Wake Forest SBES Presentation: Winston-Salem, NC. Spring 2016
BMES Conference: Minneapolis, MN Fall 2016
Development of Novel Microfluidic Device for the Control of Bead Size for
Microencapsulation
Wake Forest University Graduate Research Day: Winston-Salem, NC. Spring 2017
WFIRM Retreat, Pinehurst NC Spring 2017
NCTERMS: Winston-Salem, NC. Fall 2017
Virginia Tech/Wake Forest SBES Presentation (Oral Presentation) Spring 2018
Preparation and Optimization of Chemically Modified Alginate as a Vehicle for Targeted
Drug Delivery
Virginia Tech/Wake Forest SBES Presentation: Blacksburg, Va. Spring 2017
NC State Biomaterials Day (Oral Presentation): Raleigh, NC. Fall 2017
BMES Conference: Phoenix, AZ. Fall 2017
TERMIS (Oral Presentation): Charlotte, NC. Winter 2017
Society for Biomaterials: Atlanta, GA Spring 2018
WFIRM Retreat, Pinehurst NC Spring 2018
NIH T32 NIBIB Biannual Meeting: Bethesda, MD Summer 2018
Effect of Alginate Matrix Engineered to Mimic the Pancreatic Microenvironment on
Encapsulated Islet Function
BMES Conference: Atlanta, GA. Fall 2018
Wake Forest University Graduate Research Day: Winston-Salem, NC. Spring 2019
RELEVANT SKILLS AND CERTIFICATIONS
Computer Language
- Python, Java, C++, MatLab, Visual Basic, BioPac, R, and LabView
Lab
-In Vivo studies on diabetic animals (Surgery, Transplantation, Monitoring, Etc.)
-ELISA training and optimization. Designing of in-house insulin ELISA for lab
use
-AlphaLISA technology
-Biomaterials preparation (specifically alginate)
-Cell Isolation techniques specifically for human and porcine islet collection.
-Cell Encapsulation
-Cell Culture techniques
-Microfluidic Device design and use
-Mechanical Properties of biomaterials (AFM, Rheology, etc.)
-Histology and Imaging
-Bacteria Culture and Assesment
-Oxygen generation particles (POGS)
Certification
-IACUC animal care and use certification
Fall 2014
Research
152

etc.

-Thromboresistant Stent research: Stent design, Stent creation, FDA/Patenting,
Fall 2013-Spring 2014
-In-house ELISA assay development
Fall 2014-Fall 2015
-Alginate Microbead Encapsulation for Human Islet Transplantation
Fall 2014-Current
-In Vivo Analysis of Human Iselt Isolation Techniques
Fall 2014-Spring 2018
-Alginate Microbead Mechanical Testing for Ovarian Cells
Spring 2014-Fall 2014
-Modified Alginate for Targeted Drug Delivery (Probiotics Specifically)
Spring 2016-Current
-Microfluidic Device design and optimization for microencapsulation
Spring 2016-Current
-Next generation Bioartificial Pancreas
Fall 2017-Current

Extra
NIH Translational Science Training Program (TSTP) Bootcamp: Research Triangle Park, NC.
Summer 2017

PROFESIONAL, INTERTEAM, AND LEADERSHIP DEVELOPMENT
University
at
Buffalo
Men’s
Division
1
Track
and
Field
Team
August 2010 – 2014
4 year student-athlete and member of Student Athletic Advisory Committee (SAAC)
Team Captain: 2 years
Learned to work with all types of people, handle multiple tasks at once, successful time
management, and performing in high level competition under pressure
Mid-American Conference (MAC) Leadership Symposium
2012 & 2013

(2 Times)

Wake Forest Graduate School Honor Code Committee
Fall 2017-Current
Lab Mentorships
Summer 2015-Summer 2019
Mentoring of 18 undergraduate, medical, and international students
Teaching experimental design, specific techniques, and basic laboratory skills

153

May

