Downloaded via UNIV OF MARYLAND COLG PARK on May 11, 2021 at 13:35:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED MATERIALS

XINTERFACES

WWW.acsami.org Research Article

Single-Step Synthesis of Alginate Microgels Enveloped with a
Covalent Polymeric Shell: A Simple Way to Protect Encapsulated
Cells

So Hyun Ahn, Medha Rath, Chen-Yu Tsao, William E. Bentley,* and Srinivasa R. Raghavan*

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 18432-18442 I:I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ 2 supporting Information

ABSTRACT: Microgels of biopolymers such as alginate are
widely used to encapsulate cells and other biological payloads.

Covalent shell protects

Alginate is an attractive material for cell encapsulation because it is alginate gels

nontoxic and convenient: spherical alginate gels are easily created

by contacting aqueous droplets of sodium alginate with divalent TR it
cations such as Ca?'. Alginate chains in the gel become cross- | initiator diffuses out QP fﬂizi,‘ffii“u

linked by Ca?* cations into a 3-D network. When alginate gels are
placed in a bu er, however, the Ca®" cross-links are eliminated by
exchange with Na*, thereby weakening and degrading the gels. S
With time, encapsulated cells are released into the external Alginate gel core Polymer shell Polymer shell at
solution. Here, we describe a simple solution to the above grows outward final thickness
problem, which involves forming alginate gels enveloped by a thin
shell of a covalently cross-linked gel. The shell is formed via free-
radical polymerization using conventional monomers such as acrylamide (AAm) or acrylate derivatives, including polyethylene
glycol diacrylate (PEGDA). The entire process is performed in a single step at room temperature (or 37 °C) under mild, aqueous
conditions. It involves combining the alginate solution with a radical initiator, which is then introduced as droplets into a reservoir
containing Ca?* and monomers. Within minutes of either simple incubation or exposure to ultraviolet (UV) light, the droplets are
converted into alginate—polymer microcapsules with a core of alginate and a shell of the polymer (AAm or PEGDA). The
microcapsules are mechanically more robust than conventional alginate/Ca?" microgels, and while the latter swell and degrade when
placed in bu ers or in chelators like sodium citrate, the former remain stable under all conditions. We encapsulate both bacteria and
mammalian cells in these microcapsules and find that the cells remain viable and functional over time. Lastly, a variation of the
synthesis technique is shown to generate multilayered microcapsules with a liquid core surrounded by concentric layers of alginate
and AAm gels. We anticipate that the approaches presented here will find application in a variety of areas including cell therapies,
artificial cells, drug delivery, and tissue engineering.

KEYWORDS: microcapsules, core-shell structures, multilayered capsules, liquid-core capsules, cell encapsulation
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I INTRODUCTION backbone must also be nontoxic and compatible with the cells.
Cell encapsulation refers to the entrapment of live cells in The above requirements are commonly met by naturally
polymeric sca olds, with Cor)ditio?itailqred to ensure that the derived biopolymers such as polysaccharides (e.g., alginate,
cells remain viable and functional. = This technique has found chitosan, agar, or hyaluronic acid) or proteins (e.g., gelatin or
increasing application across various fields, particularly in the I 34 Gels of the above biopol have b dt
area of tissue engineering.”® For cell encapsulation to be collagen). e.s ofthe a ovg Iopolymers have been use _0
successful, both the type of polymer and the physical encapsulate various mammalian cell types such as pancreatic
properties of the final sca old are important. Typically, islets,” hepatocytes,® osteoblasts,” Jurkat cells,” and stem cells.’
polymers form a hydrogel, ie, a three-dimensional (3-D) Gels have also been used to encapsulate microbial cells such as

network of cross-linked chains, with the cells entrapped in this
network.*~* Hydrogels exhibit solid-like mechanical properties,
which are important for keeping the cells protected and
immobilized, while the large water content and porous nature
of the gel network ensure that cells can exchange oxygen,
nutrients, and waste with the external medium. It is important
for cell encapsulation in gels to be performed under mild,
physiological conditions to ensure cell survival. The polymer
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Figure 1. Schematic of the procedure used to synthesize alginate—polymer microcapsules. A feed of alginate (Alg) and the initiator is sent through
a capillary into a reservoir containing monomers and Ca?*. Pulses of gas shear o aqueous droplets from the capillary tip. As the droplets enter the
reservoir, the inset shows the progression toward the final microcapsule structure. First, the Alg in the droplets is gelled by Ca?* and this forms the
core of the structure. The initiator then di uses out and, upon activation by ambient heat or UV light, polymerizes a shell of AAm around the Alg
core. The AAm shell grows outward and reaches its final thickness in a few minutes.

yeast or bacteria for soil fertilization,"* removal of urea and
ammonia,** or delivery of probiotics to the gut.*?

Among the polymers mentioned above, the one that is most
widely used for cell encapsulation is alginate due to its
abundance, low cost, biocompatibility, and non-immunoge-
nicity."*** Alginate is an anionic polysaccharide derived from
brown algae. It forms gels when combined with divalent
cations such as calcium (Ca?") under mild conditions at
physiological pH.**** The gels arise because the Ca?* cations
bind with the carboxylate anions on adjacent alginate chains,
thereby cross-linking the chains into a sample-spanning 3-D
network.™* To encapsulate cells in such a gel, one simply has to
suspend the cells in an alginate solution and add this dropwise
into a reservoir containing Ca?*. The cell-bearing droplets then
become converted into gels, and the sizes of these gels can be
controlled by modulating the droplet size. Microscale gels
(10—1000 pm), termed microgels or microbeads, are
commonly used in applications.

Despite the many advantages of alginate for cell
encapsulation, however, one major drawback is that alginate
gels tend to degrade easily, i.e., they are chemically and
mechanically weak.*>~*" For example, when these gels are
stored in a bu er containing univalent cations such as sodium
(Na"), the Ca®" cations get exchanged with the Na*. This
means a loss of cross-links from the alginate gels, which makes
the gels weaker (i.e., decreases their elastic modulus).
Moreover, a loosely cross-linked gel will tend to swell more
in water, and if cross-links continue to be eliminated, the gel
will completely degrade, i.e., the alginate will be solubilized.
During this degradation process, cells encapsulated in the gel
will be released into the external solution. Removal of Ca®*
cross-links from an alginate gel can also be induced by anions
in the solution like citrate that can chelate (competitively bind
and remove) Ca?*. For this reason, cell-bearing alginate gels
cannot be stored in citrate bu ers as an example. The problem
of premature degradation in cell-bearing alginate gels has been

noted in numerous studies.”>™*" An underlying reason for the
easy degradability of alginate gels is that they are formed by
physical (ionic) bonds rather than by covalent bonds.

To address the above problem, many attempts have been
made to increase the chemical and mechanical durability of
alginate gels. One approach has been to coat the anionic
alginate gels with cationic polymers such as chitosan.'®*?
However, coating procedures can be time-consuming due to
multiple steps, and cationic polymers also tend to be toxic to
cells.® Another approach is to blend alginate with other
natural biopolymers such as agarose or gelatin.>** More
recently, interpenetrating networks (IPNs) of alginate and one
or more biocompatible synthetic polymers have been
synthesized. For example, an IPN of alginate and acrylamide
(AAm) has been reported for encapsulation of stem cells.**
In another example, an IPN of polyethylene glycol diacrylate
(PEGDA) and alginate was used to encapsulate bacteria.**
Lastly, alginate derivatives bearing covalently cross-linkable
groups have been used to form gels.?®?® The presence of
strong covalent bonds can ensure that a gel remains intact even
if the ionic bonds degrade. However, there are several
problems with existing approaches. First, if a covalent network
coexists with the alginate, the former could impair the growth
of encapsulated cells. Second, the degradation of ionic bonds
in an alginate gel will still induce the gel to swell appreciably
(even if covalent bonds are also present) and cells in the gel
can be released. Also, to form a second network, additional
steps are usually required, which makes the encapsulation
procedure more complex. Likewise, synthesizing alginate
derivatives can be complex and laborious. In short, a simple
and straightforward way to strengthen alginate gels has proved
elusive.

In this study, we describe a simple technique for protection
of alginate microgels, which involves enveloping the microgel
in a layer of covalently cross-linked polymer gel. Importantly,
the synthesis of such “microcapsules” is accomplished in a
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single step that is completed in a matter of minutes from start to
finish. Briefly, our approach involves sending a feed solution of
alginate and either a thermal- or a photo-initiator through a
microcapillary into a reservoir containing both Ca** and
monomers (e.g., AAm). This results in a core—shell structure
with a core of alginate cross-linked by Ca?" and a thin shell of
cross-linked AAm formed by free-radical polymerization that
occurs either by ambient heat or by short exposure to UV light.
The thin polymer shell around the alginate core stabilizes the
overall microcapsule. Even if the alginate core was to get
degraded due to ion-exchange or chelation, the microcapsule
remains intact because of its covalently cross-linked shell. The
presence of such a robust shell di erentiates our approach
from other core—shell capsules that have involved algi-
nate.”’~° Using the above procedure, we encapsulate bacteria
and mammalian cells in the core of the capsules and show that
the cells remain viable. The thickness and chemistry of the
polymer shell as well as the microstructure of the overall
capsule can be varied systematically. We believe that the
simplicity and versatility of our technique will allow it to be
widely adopted to improve the properties of alginate microgels
in myriad applications.

I RESULTS AND DISCUSSION

Synthesis of Alginate—Polymer Microcapsules. The
technique used to synthesize microcapsules with an alginate
core and a covalent polymer shell is shown schematically in
Figure 1. We use the concept of “inside-out polymerization”,
which was developed recently by our lab.** The idea is to
include one component of a free-radical polymerization (the
initiator) in a core structure, while the remaining components
(monomers) are added to the surrounding solution. In that
case, the initiator would di use outward from the core, where
it would encounter the dissolved monomers and induce
polymerization. A covalently cross-linked polymer shell would
thereby grow outward from the core.** Here, we couple such
polymerization with the gelation of alginate via ionic cross-
links. To accomplish this at the microscale, we use a water-gas
microfluidic device that employs pulses of gas to shear o
aqueous droplets from the tip of a microcapillary.** Unlike
other microfluidic approaches used for microcapsule syn-
thesis,"** this technique eliminates the use of oil or non-
aqueous solvents. This is attractive because the technique is
thereby more compatible with cell encapsulation.*® Control of
droplet size in the range between 80 and 500 um is made
possible by modulating the aqueous flow rate and the gas
pressure.*

The single-step process in Figure 1 begins with a feed
solution that contains both alginate (2 wt %) and a free-radical
initiator. In the case of thermal polymerization, we use
ammonium persulfate (APS), typically at 2 wt %. Any payload
to be encapsulated in the final structure (such as cells) would
also be included in this feed. The reservoir contains the rest of
the chemicals needed for polymerization, which include a
monomer (e.g., acrylamide, AAm, 10 wt %), a cross-linker
(e.g., N,N"-methylene-bis-acryl-amide, BIS, 0.15 wt %), and an
accelerant (tetramethylethylene diamine, TEMED, 1.5 wt %).
In addition to the above, the reservoir also contains 1.6 wt %
(150 mM) calcium chloride. When the device is switched on,
the feed solution flows through a capillary of diameter 200 ym
at its tip. Pulses of gas (air or nitrogen) are sent around the tip
of the capillary, and for each pulse of gas, a droplet of the feed
is sheared o from the tip.**> As this droplet enters the

reservoir, the alginate in the droplet is cross-linked by Ca?*
ions almost instantaneously, thus converting the droplet into a
gel. At the same time, the APS initiator di uses out of this gel
into the solution. The APS induces the polymerization of the
AAmM monomer, resulting in a thin layer of poly(AAm) around
the alginate gel.** Due to the use of the accelerant TEMED,
the entire polymerization is completed in about 5 min at room
temperature.

A variation of the above process is used in the case of UV
polymerization. The thermal initiator is replaced with a
photoinitiator such as lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP), typically at 1 wt %. Otherwise, the feed is
identical to the above. The reservoir solution is also identical,
except that TEMED is omitted. As droplets from the feed are
collected in the reservoir, UV light is shone around the
reservoir for 60—90 s. This is su cient to complete the
formation of the covalent poly(AAm) shell around the alginate
core. Photos of the setup for thermal polymerization are shown
in Figure S1A and for UV polymerization in Figure S1B (see
the Supporting Information). The LAP photoinitiator was
particularly chosen because it is known to be relatively
nontoxic to cells,**** and this will be particularly useful in the
encapsulation of mammalian cells in the above structures.

Microstructure and Mechanical Properties of the
Microcapsules. Figure 2 shows optical (brightfield) micro-
graphs of structures obtained by the above procedures via
thermal or UV polymerization. All structures are microcapsules
with a distinct core (a gel of alginate cross-linked by Ca*) and
a thin shell (a gel of a covalently cross-linked polymer). The
reason that we obtain core—shell structures is because the rate
of alginate cross-linking by Ca?* is much faster than the rate of
AAm polymerization.** If the alginate was mixed with
monomers prior to contact with Ca®*, one would obtain a
composite (IPN) of alginate and AAm rather than a core—shell
structure.”® Instead, in our case, the core contains only
alginate, which is conducive for cell encapsulation. At the same
time, the shell provides protection to the alginate core, as will
be shown below. The technique presented here is simple yet
versatile. It allows the average sizes of the core and shell to be
varied independently. Moreover, instead of AAm, the shell can
be made from other monomers with a C  C bond that can be
cross-linked by free radicals. As an example, we have formed
shells of polyethylene glycol diacrylate (PEGDA) around the
alginate core, as shown in Figure 2B. PEGDA, like AAm, is a
monomer that is commonly used in biomedical applica-
tions.>?* In addition to optical microscopy, we have also used
SEM to analyze the capsules. SEM images (Figure S2) confirm
that there are two distinct layers to the capsules an outer
layer of the covalent gel around a core of the alginate gel.

We have also compared the mechanical properties of
alginate microgels versus microcapsules with an alginate core
and a thin (40 pm) covalent shell of AAm. The tests were
performed under compression, and the data (Figures S3 and
S4) reveal that the AAm shell makes the microcapsule
significantly more robust than the microgel. When the alginate
microgel (control) is compressed to about 50% strain, it is
irreversibly squished from a sphere to a pancake shape and
does not recover its original shape when the compression is
stopped (Figures S3A and S4A). On the other hand, when the
alginate—AAm capsule is compressed to a higher strain
( 55%), the capsule recovers its original shape after
compression (Figures S3B and S4B). Moreover, the peak
stress measured during the compression of the alginate
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Figure 2. Images of microcapsules with a covalent polymer shell
around an alginate core. (A) Shell of acrylamide (AAm) and (B) shell
of polyethylene glycol diacrylate (PEGDA), both via thermal
polymerization. (C) Shell of AAm via UV polymerization. In all
cases, the core and shell are distinctly visible and are marked around a
specific capsule for clarity. Scale bars: 200 pm.

microgel is only around 13 kPa, which is much lower than that
for the microcapsule (71 kPa). The data confirm the
contribution of the thin polymer shell to the capsule elasticity
and strength. Similar di erences in mechanical properties have
been reported in the case of macrosized ( 5 mm) alginate gels
with and without a polymer shell from our previous study.*
Tuning the Microcapsule Core and Shell Sizes. The
growth of the polymer shell around the alginate core is
controlled by the amount of initiator present in the core (i.e.,
in the feed solution). Once the droplets enter the reservoir, the
shell grows over 1—2 min and reaches its final thickness. With
longer incubation in the reservoir, there is no further growth of
the shell, i.e,, the growth is self-limiting. This is shown by
Figure 3, where the concentration of the initiator (APS) in the
feed is varied. If the initiator is low (1 wt %), no visible shell of
the polymer (AAm) is found around any of the alginate cores
(Figure 3A). Upon increasing APS to 1.5 wt %, shells become
visible around a few alginate cores (Figure 3B). A further
increase in APS to 2 wt % results in all alginate cores having
uniform, discernible AAm shells (Figure 3C). However, when
APS is further increased to 3 wt %, the shell elongates into a

tail in some cases, indicating that polymerization is not merely
confined to the volume around the cores but extends into the
solution (Figure 3D). The tail may also reflect polymerization
in the wake of the droplet as it falls in the reservoir. If APS is
increased above 3 wt %, soon after droplets of the feed enter
the reservoir, the entire solution is gelled into a solid block.
Overall, the results in Figure 3 imply that there is an optimal
APS concentration around 2 wt % for forming polymer shells
by thermal polymerization, and we have fixed this concen-
tration for the studies below. In the case of 1 and 1.5 wt %
APS, although shells are not visible, the structures do resist
degradation by chelators, as discussed below. This means that
thin shells are present in those cases too, and additionally, it
implies that the shell thickness can be tuned by the initiator
concentration.

We can also vary the core diameter independent of the shell
thickness. This can be done by changing the flow rate of the
feed, which alters the droplet size (and thereby the core size),
as shown in our previous study.*> Here, we performed
experiments at various flow rates with a feed of 2% alginate
and 2% APS, with the reservoir containing AAm and 150 mM
Ca**. At the lowest feed flow rate of 5 pL/min, the
microcapsules have a core diameter of 88 pym and a shell
thickness of 25 um (image 1 in Figure 4). If the flow rate is
increased to 20 uL/min, the core diameter increases to 132 um
with the shell thickness being 28 um (image 2). With further
increase in the flow rate to 40 pyL/min, the core diameter
reaches 142 pm and the shell thickness is 37 pm (image 3).
These data show that the main e ect of increasing the flow rate
is to increase the core size, while the shell remains at about the
same thickness. Based on Figures 3 and 4, the core size can be
controlled via the flow rate and the shell thickness via the
initiator concentration.

Microcapsule Stability and Swelling. Our main reason
for adding a polymer shell around alginate gels was to prevent
their degradation or swelling when contacted with certain ions
or chelators. We now proceed to test these aspects. First, we
placed bare alginate microgels and alginate—polymer micro-
capsules in 100 mM ethylene diamine tetracetic acid (EDTA),
a well-known chelator of Ca?* ions. As expected, the bare
alginate microgels completely degrade within 30 min (Figure
5A). As per the schematics, the degradation is because Ca®*
cross-links are removed by EDTA, leaving behind linear
alginate chains that are no longer part of a 3-D network.* In
contrast, alginate—AAm and alginate—PEGDA microcapsules
both maintain their spherical shape even after 24 h in the
EDTA solution (Figure 5B). In these cases, the alginate cores
are expected to get degraded into linear alginate chains, but the
polymer shells stay intact because they are held together by
covalent bonds. Similar results are found if sodium citrate is
used as the chelating agent instead of EDTA.

While chelators can cause complete degradation, alginate
gels can also su er partial degradation when placed in bu ers.
For example, when placed in phosphate bu ered saline (PBS),
some of the Ca?* cross-links are exchanged with Na*, which
reduces the mechanical rigidity of the gels. In turn, a decrease
in cross-link density will induce the gel to swell in water, which
creates a vicious cycle because the swollen gel will be even
weaker. If the gels are to be used for encapsulating biological
payloads, their ability to maintain their mechanical integrity
under physiological conditions will be crucial. To test the
degree of swelling, we placed alginate microgels and alginate—
polymer microcapsules in PBS (pH 7.4) and monitored their

https://doi.org/10.1021/acsami.0c20613
ACS Appl. Mater. Interfaces 2021, 13, 18432—18442


https://pubs.acs.org/doi/10.1021/acsami.0c20613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20613?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.0c20613?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

mﬂ%% (mm%ﬂ
Alginate + | Alginate + |

© Yy, (m%%ﬂ
Alginate + | Alginate + |

1%APS || 1.5% APS ‘ 2%APs ] 3%APS  []
‘E i? i}
o 5 : !
AAm AAmM AAm AAM
F —_
e B kk) r =
&) L) in re &/ '
c > (& ’\ I Il Shell in \§
2 k " No wsible I ( - ) Novisible she - i ) (
(D shell e in m%t\cases : .
R - I~ v 3
£ ~ Ay A
AR > NN N /\ ~
P | ) \ .
Ve ) \\ \\v‘ A% &, S = Q \
N
3 2 = </ Rl ) 7\ \/

Increasing APS concentration

Figure 3. E ect of initiator (APS) concentration on the formation of alginate—AAm microcapsules by thermal polymerization. (A) 1 wt % APS: no
AAm shells are visible; (B) 1.5 wt % APS: shells visible only around a few cores; (C) 2 wt % APS: visible shells around all cores; and (D) 3 wt %
APS: tails around some cores and the capsules clump together. Scale bars: 200 pm.

Figure 4. E ect of increasing the feed flow rate on microcapsule sizes.
Increasing the flow rate increases the alginate core diameter while
maintaining about the same AAm shell thickness (all structures made
by thermal polymerization). This is shown by the plot above and the
images below. Scale bars: 100 ym. The error bars represent the
standard deviation of the distribution (n = 3).

size over time up to 10 h. As expected, the alginate microgels
(without any shell) show a 57% increase in size (data in Figure
S5). In comparison, alginate—PEGDA microcapsules swell by
42%, while the alginate—AAmM microcapsules swell only by
28%. These results confirm that the presence of a polymer
layer hinders swelling of the capsule. Among these two
polymer shells, AAm appears to provide greater resistance to
swelling, possibly indicating that the AAm network is more
densely cross-linked than the PEGDA network. Note that
AAm and PEGDA are both nonionic polymers that will not be

a ected by the ionic strength or pH of the bu er solution.
Thus, regardless of any loss of cross-links from the alginate
core, the polymer shells will ensure that the microcapsules
preserve their structural integrity.

Encapsulation of Cells in Microcapsules. We proceeded
to study the encapsulation and culture of both bacteria and
mammalian cells in the microcapsules. Culture of bacteria in
alginate gels can be problematic because the gels can degrade
either due to ion-exchange in growth media (similar to
degradation in bu ers, as discussed above) or because of rapid
bacterial growth (bacteria often escape out of the gel matrix
and spread to the outer solution).*® In this regard, the polymer
shell around the alginate core can protect the cells and also
help maintain the cells in the core. Note that the polymer shell,
being a porous gel, does allow di usion of small molecules in
and out of the core, which is essential for cell viability.

We conducted the encapsulation studies with a strain of E.
coli that had been genetically engineered to express a red-
fluorescent protein (DsRed) when isopropyl (-p-1-thiogalac-
topyranoside (IPTG), a small molecule “inducer”, is present in
its environment.**** The procedure for cell encapsulation is
that from Figure 1, with the feed containing both alginate/APS
and the cells in a mixture of PBS and Luria Broth (LB) media.
We used AAm as the monomer in the reservoir and after
thermal polymerization, we obtained microcapsules with
bacteria in the alginate core and encased by an AAm shell
(Figure 6). Following synthesis, the microcapsules were placed
in culture media and incubated overnight (18 h) in a shaker at
37 °C. Two culture conditions were explored: one without
IPTG and the other in the presence of 1 mM IPTG. The
images show that both non-induced and induced micro-
capsules maintain their structural integrity during the overnight
incubation. Non-induced capsules show a low level of red
fluorescence, indicating low expression of DsRed (Figure 6B).
In comparison, the induced capsules show significant red
fluorescence, indicating that the presence of IPTG has indeed
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