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Abstract Alginate beads have been a popular
carrier of a wide array of biologically relevant
molecules, such as proteins, genes, and cells, for
biomedical applications. However, the difficulty of
controlling their mechanical properties as well as
maintaining the long-term structural integrity has
prevented more widespread utilization. Herein, a
simple yet highly efficient method of engineering
alginate beads with improved mechanical properties
is presented, whereby a secondary network of
biocompatible anionic cellulose is created within
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the alginate network. The aqueous-soluble anionic
cellulose, containing either carboxylate or sulfonate,
is found to undergo crosslinking reaction with
trivalent ions more favorably than divalent ions,
necessitating a dual sequential ionic crosslinking
scheme to create interpenetrating networks (IPN) of
alginate and cellulose with divalent and trivalent ions,
respectively. The IPN alginate-cellulose beads
demonstrate superior mechanical strength and con-
trollable rigidity as well as enhanced resistance to
harsh chemical environment as compared to alginate
beads. Furthermore, their suitability for biomedical
applications is also demonstrated by encapsulating
microbial species to maximize their bioactivity and
therapeutic agents for controlled release.

Keywords Alginate - Anionic cellulose -
Interpenetrating network - Dual ionic crosslinking -
Hydrogel bead

Introduction

Spherical alginate hydrogels (‘beads’) have a place in
modern history of biomedical engineering as one of
the first and most widely utilized materials (Gombotz
and Wee 2012; Hari et al. 1996; Lee and Mooney
2012; Tgnnesen and Karlsen 2002). Alginate, a
natural anionic polysaccharide with a carboxylic
functional group on each saccharide unit, is capable
of electrostatic interaction with multivalent cations to

@ Springer


http://orcid.org/0000-0002-3615-0145
http://dx.doi.org/10.1007/s10570-017-1458-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-017-1458-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-017-1458-8&amp;domain=pdf

4964

Cellulose (2017) 24:4963-4979

form the crosslinked network. Their applications
mainly lie in the area of drug and cell delivery, due to
their highly attractive physical properties (e.g. elas-
ticity, high water content) as well as biocompatibility,
abundant raw material, tunable size (down to micron
scale), mild reaction conditions, simple and efficient
fabrication route (George and Abraham 2006; Hari
et al. 1996; Lim and Sun 1980; Smidsrgd 1990;
Sugiura et al. 2005). The alginate beads have been
successfully used to encapsulate a wide array of
biologically relevant moieties, from therapeutic
agents (e.g. small molecules, proteins, and genes) to
living species (e.g. microbes, mammalian cells), with
several efforts underway for clinical translation
(Gombotz and Wee 2012; Lim and Sun 1980;
Smidsrgd 1990; Tgnnesen and Karlsen 2002). They
have been shown to provide fast and yet safe
encapsulating environment which significantly
enhances the initial loading efficiency, whereas most
other methods utilize more elaborate chemical reac-
tions that often involve harsh conditions, causing the
damage of encapsulating entities. In addition, the
diffusive nature of alginate hydrogels allows for the
release of encapsulated agents and perfusion of media
for long-term cell culture, while circumventing the
infiltration of immune cells.

An attractive and yet often overlooked aspect of
engineering alginate beads is the ability for safe and
efficient mass production, which is an important pre-
requisite for large-scale industrial applications. This
is due to the characteristic ionic crosslinking scheme,
in which the alginate beads are almost instanta-
neously formed by placing alginate solution droplets
into a bath containing crosslinking ions. For example,
alginate beads are used as immobilizing capsules for
engineered microbes for industrial “green biotech-
nology”, such as biofuel production and
environmental clean-up (Covarrubias et al. 2012;
Rathore et al. 2013). The alginate beads have been
shown to prolong the biological activity of the
encapsulated microbes with mechanical support,
aqueous microenvironment, and protection against
harsh external surroundings. The beads are also used
as carriers for the sustained release of inoculants and
herbicides for farming (Bashan 1986; Pfister et al.
1986).

Despite these favorable attributes and a relatively
long history of research and development, the
utilization of alginate beads has not met with more
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widespread commercial success, largely due to the
lack of long term stability. The ionic crosslinking that
allows for the efficient fabrication of alginate beads
ironically has been a deterrent, because the ions leach
out over time leading to premature mechanical failure
and structural disintegration, often facilitated by the
presence of chemicals capable of chelation or ion
exchange Thu et al. (1996a, b). Unlike the controlled
laboratory settings, large-scale industrial processes
often contain many chemical additives that cause the
ion leaching. In addition, it is difficult to control the
mechanical properties of the beads because the range
of alginate concentration is extremely limited, usually
less than 2% (w/v), due to its high viscosity. For these
reasons, several strategies have been introduced to
enhance the mechanical properties of the beads, such
as hybridization with other polymeric networks and
nanocomposite formation (Fan et al. 2013; Kulkarni
et al. 2001; Shi et al. 2008; Zhang et al. 2010).
However, these methods involve the use of harsh
chemicals that may have deleterious effects on the
encapsulated species. In addition, they generally
involve several additional processing steps, losing
the appeal of efficient mass production of the alginate
beads. Therefore, developing a strategy of enhancing
and controlling the mechanical performance of the
alginate beads, while maintaining the biocompatibil-
ity and efficient processability, is crucial to further
improve their quality for broader applicability.

In this study, a simple yet highly effective strategy
of enhancing the structural and mechanical properties
of alginate beads is presented, in which an interpen-
etrating network (IPN) consisting of anionic cellulose
is created within the alginate bead via ionic crosslink-
ing. Cellulose, a natural polysaccharide commonly
found in plants as a fibrous structural element, is the
most abundant natural polymer, and has a wide range
of industrial uses (Kil and Paik 2015; Ko et al. 2015).
Given its obvious biocompatibility along with the
natural fibrous morphology, it has also found its way
into biomedicine, most notably as wound dressing and
engineered tissue scaffolds (Hoenich 2006; Jorfi and
Foster 2015; Sindhu et al. 2014). Since the natural
cellulose is insoluble, various forms of aqueous-
soluble cellulose have also been developed and widely
used as additives in medical and pharmaceutical
applications (Hoenich 2006; Jorfi and Foster 2015;
Lee et al. 2016; Shen et al. 2016; Sindhu et al. 2014;
Siritientong and Aramwit 2015; Xiong et al. 2015;
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Zhang 2001). Herein, two different types of anionic
cellulose, carboxymethyl cellulose (CMC) and sul-
foethyl cellulose (SEC), were chosen as secondary
polymeric networks to the primary alginate network.
CMC has been shown to undergo ionic crosslinking
with trivalent ions such as AI>" (Chitprasert et al.
2012; Siritientong and Aramwit 2015). Therefore, a
sequential ionic crosslinking scheme was employed to
first develop the bead structure by crosslinking
alginate with divalent Ca®", followed by crosslinking
anionic cellulose with AI’*. It was hypothesized that
this dual crosslinked IPN alginate-cellulose beads
would provide a facile and effective route of gener-
ating hydrogel beads with tunable mechanical
properties and enhanced structural durability. In
addition, with this improved mechanical functionali-
ties, the IPN alginate-cellulose beads would also allow
for controlling the release kinetics of encapsulated
drug molecules and promote the survival and biolog-
ical activity of encapsulated cells.

Materials and methods
Synthesis of anionic cellulose

The conjugation of aqueous-soluble anionic functional
groups onto cellulose was accomplished via etherifi-
cation of hydroxyl groups of cellulose, following
previous published reports with modifications (Ramos
et al. 2005). To synthesize carboxymethyl cellulose
(CMC), cellulose (1 g, Sigma Aldrich) was first
dissolved in dimethyl sulfoxide (30 mL) supplemented
with tetrabutylammonium fluoride (9 wt%) at 60 °C.
Sodium hydroxide powder (3.7 g, Sigma Aldrich) was
dispersed into the reaction mixture and continuously
stirred for 2 h at room temperature for mercerization.
Sodium chloroacetate (7.2 g, Sigma Aldrich) was
slowly added to the mixture and continuously stirred
for 24 h at 60 °C. The entire procedure was performed
under dry N, gas. The mixture was neutralized with
acetic acid (10%) and precipitated in excess diethyl
ether to obtain the crude product. Then, it was dialyzed
against deionized (DI) water, and then lyophilized to
obtain the final product. The conjugation of car-
boxymethyl groups onto cellulose was determined
with FT-IR spectroscopy (Fig. S1 in Supplementary
Information) and "H-NMR (Fig. S2 in Supplementary
Information).

The synthesis and characterization of sulfoethyl
cellulose (SEC) were done following the same
procedure as CMC (Fig. S1 in Supplementary
Information) (Zhang et al. 2011). For SEC, sodium
bromoethanesulfonate (Alfa Aesar) was used as the
reactant to conjugate sulfonate groups onto cellulose.

Fabrication of alginate-cellulose IPN beads

High  molecular  weight sodium  alginate
(220,000 ¢ mol™!, Junsei Chemical, Japan) and
CMC were dissolved in DI water at 2% separately
as stock solutions. Alginate and CMC solutions were
mixed in a varying ratio to develop a working
precursor solution, which was then added to a
syringe connected to an 18G needle (BD Bio-
sciences). Using an electronic syringe pump (Legato
100, KD Scientific), the solution was extruded out
slowly and the droplets being formed were imme-
diately placed into a bath of 0.1 M calcium chloride
solution. The beads were left in the bath for 1 h for
complete crosslinking, and then kept in DI water for
further characterization.

To induce IPN of anionic cellulose within the
alginate bead, the beads were transferred to a bath of
aluminum chloride solution and incubated for 1 h.
Iron(IIT) chloride and chromium(IIl) chloride solu-
tions were also used in place of aluminum chloride.
These same experiments were performed using SEC
as a secondary network.

Functional characterizations of alginate-cellulose
IPN beads

Mechanical properties

Mechanical properties of various hydrogel beads
were evaluated from force—displacement relation-
ships obtained from compression experiments.
Briefly, each bead was compressed at the rate of
1 mm min' using a universal testing machine
(Model 3343, Instron), and the force—displacement
curve was obtained. The elastic modulus (F) was
calculated using Hertz contact mechanics theory,

3

E =% R™'2h=3/2 (1 =) (1)

where R was the radius of the bead, & was the
displacement, and v was the Poisson’s ratio of the
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bead which was set as 0.5, assuming the bead follows
the ideal rubber (Cha et al. 2014; Hashmi and
Dufresne 2009; Lin et al. 2007). Since this model
works well at smaller displacements, the moduli of
each bead were calculated within the range of strain
from 0.05 to 0.15 and their average value was
reported.

Structural durability of the IPN beads against
harsh chemical environment was assessed with
chelating agents (Cha et al. 2012). The beads were
incubated in 20 mM ethylenediaminetetraacetic acid
(EDTA, Sigma Aldrich) under constant shaking at
50 rpm, and the time required to completely dissolve
the bead was measured. For each condition, ten beads
were tested and their average and standard deviation
values were reported.

The swelling ratio of a bead was calculated as the
mass ratio of a swollen hydrogel (Ws) to its dried
polymeric mesh (Wp). Ws was measured after
incubating the bead in DI water for 24 h at 30 °C,
and Wp was measured after drying the bead by
lyophilization.

Drug release

Bovine serum albumin (‘BSA’, Sigma Aldrich) was
encapsulated into the beads, and the release was
recorded over time. Briefly, BSA (2 mg mLfl) was
dissolved in a precursor solution prior to fabrication.
The gel beads were fabricated via ionic crosslinking
as mentioned above. Each bead was incubated in
0.2 mL of PBS at 37 °C. At each various times up to
48 h, the medium was collected and the BSA
concentration was measured using BCA™ Protein
Assay (Thermo Fisher), following the manufacturer’s
instructions. For the release profiles with a power-law
dependence on time, they were fitted using the
Ritger—Peppas equation,

M,

:-n 2
Mookt (2)

where M, is the cumulative amount of drug released
at a time, t; M, is the total amount of drug in the
microspheres; k is the kinetic rate constant; and » is
the exponent related to the release mechanism (Kim
et al. 2016; Serra et al. 2006). For the release profiles
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with sigmoidal dependence on time, they were fitted
using the Weibull equation,

M,

o= et (3)

where k is the kinetic rate constant, T is the lag time
constant, and b is the exponent related to the release
mechanism (Dash et al. 2010).

Microbial bioactivity

Escherichia coli (E. coli) expressing enhanced green
fluorescent protein (GFP") was constructed by trans-
forming E. coli strain, BL21(DE3), with a plasmid
containing the gene encoding GFP* (gfp"). Here,
GFP™" was a genetic variant of the wild-type GFP with
two mutations, S65T and F64L, well known to express
higher fluorescence than the wild-type GFP (Cormack
et al. 1996). The plasmid was constructed by replacing
the RFP-encoding gene (7fp) of pBbE7 K-rfp (plasmid
#35315, http://www.addgene.org) with gfp™, to give
pBbE7 K-gfpt (Lee et al. 2011). The reconstructed
GFP"-expressing E. coli was cultured in Luria broth
(LB) medium at 30 °C with shaking (200 rpm) until
the ODggy became 1.8. Then, 1 mL of the cell mixture
was taken and the cells were isolated by centrifugation
(5000 rpm, 5 min). The cell pellet was carefully
suspended in 1 mL of bead precursor solution via
gentle pipetting, followed by bead fabrication as
described above. The cell-encapsulated beads were
first washed in DI water, and then incubated in LB
medium at 30 °C with shaking (100 rpm).

The viability of cells encapsulated in the beads was
evaluated with MTT assay (Cha et al. 2012; Jang et al.
2017). Briefly, a bead was placed in a well of a 96-well
plate with 100 pL of LB medium containing
0.5 mg mL™" of MTT solution (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT,
Sigma Aldrich)) and incubated for 4 h at 30 °C. Then,
100 pL of the stop solution [20% sodium dodecyl
sulfate in water/dimethylformamide (50:50)] was added
and further incubated for 4 h with shaking (100 rpm) at
room temperature to dissolve the MTT formazan
formed by the living cells. The medium was collected
and its absorbance at 570 nm was measured using a UV/
Vis spectrometer (Multiskan GO, Thermo Fisher).
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The GFP expression from the encapsulated cells
was evaluated by measuring the fluorescence inten-
sity. Each bead was placed in a well of 384-well
plate, and the fluorescence emission from the bead
was measured at various times using a spectrofluo-
rometer (Synergy HTX, BioTek).

Results and discussion
Fabrication of alginate-cellulose IPN beads

Cellulose has been one of the most extensively used
materials for biomedical applications, from medical
products (e.g. wound dressing and membranes) to food
and drug additives. There are also significant research
efforts to utilize cellulose for other research areas, such
as drug delivery and tissue engineering. The natural
cellulose exists in fibrous forms; therefore it is often
modified to present functional groups for aqueous
solubility which allows for more diverse applications.
Carboxymethyl cellulose (CMC) is among the earliest
and most widely investigated aqueous-soluble cellu-
lose for its high solubility at wide ranges of
temperature and concentration, owing to the carboxylic
salt form (Ramos et al. 2005; Zhang 2001). The
negatively charged carboxylic groups of CMC also
allows for tuning material properties such as viscosity
and the interaction with biological molecules for
controlled delivery applications (Yang and Zhu 2007).

Another unique property of CMC is the ability to
undergo ionic interaction with multivalent ions. In
particular, CMC molecules have been shown to be
readily crosslinked by trivalent ions such as AI** and
Fe’* (Emregiil et al. 1996; Fang and Cathala 2011;
Xiao et al. 2009). Inspired by this capability, it was
hypothesized that introducing the ionically crosslinked
network of CMC within alginate beads would signif-
icantly enhance their mechanical properties. There
have been several studies demonstrating hybrid net-
works of alginate and aqueous-soluble cellulose such
as CMC, but they were fabricated together with the
same ionic crosslinker (Agarwal et al. 2015; Kim et al.
2012). However, since alginate and cellulose have
different reactivities towards divalent and trivalent
ions, alginate and CMC were sequentially crosslinked
using divalent and trivalent ions, respectively, to
engineer interpenetrating network (IPN) beads of
alginate and CMC in this study (Fig. 1a). With this

approach, it was further postulated that controlling the
mechanical properties of the beads at wider ranges
could be made possible by separately controlling the
crosslinking densities of alginate and CMC.

CMC was synthesized by etherification of hydroxyl
groups of cellulose by sodium chloroacetate (Fig. 1b).
To compare and vary the degree of ionic crosslinking
of cellulose, another type of anionic cellulose contain-
ing sulfonate groups, namely sulfoethyl cellulose
(SEC), was also synthesized and used to fabricate the
IPN beads. Due to the difference in ionic strength
between carboxylate and sulfonate in aqueous envi-
ronment, there would be a difference in the degree of
ionic crosslinking, and as a result, a difference in the
mechanical properties of the IPN beads. The primary
network was first developed by placing droplets of a
precursor solution containing 1% alginate and a
varying concentration of CMC up to 1% into a calcium
chloride solution (0.1 M), which resulted in immediate
bead formations, as expected. The beads were then
transferred to an aluminum chloride solution (0.1 M) to
further crosslink the CMC within the beads to fabricate
the IPN alginate-CMC beads. Compared to the Ca®*-
crosslinked beads (‘Ca-alginate-CMC beads’), the IPN
beads became more opaque, suggesting there was a
further crosslinking reaction by AI** (Fig. 2a, Fig. S3
in Supplementary Information). The IPN alginate-SEC
beads were also developed following the same proce-
dure as the IPN alginate-CMC beads. There was also
increase in opacity, but it was not as noticeable as the
IPN alginate-CMC beads.

Mechanical properties of IPN alginate-cellulose
beads

Effect of IPN formation by AP on rigidity

The elastic moduli of various beads were measured to
evaluate their mechanical properties in response to
different crosslinking conditions. There was a small
increase in the moduli of Ca-alginate-CMC beads
with increasing CMC concentration up to 0.5% (1.8-
fold increase), but further increase in CMC concen-
tration to 1% did not enhance the modulus (Fig. 2b).
This result suggests the CMC within the alginate bead
could participate in the ionic crosslinking reaction
with Ca®" to a certain degree. When these beads were
further crosslinked with AI’* to generate IPN algi-
nate-CMC beads, however, there was a much greater
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Fig. 1 a Schematic (a) Precursor 15t Network
representation of the Solution (Alginate)
alginate-cellulose IPN bead Precursor Solution A
fabrication via dual ionic (Alginate + Cellulose) Ca?*
crosslinking. b Synthesis of ‘
anionic cellulose via
therificati Cellulose
etherihcation Crosslinking
(2" Network)
Alginate
Crosslinking
(1%t Network)
Alginate
1 < Alginate Network
Cellulose
> Cellulose Network

Ca?* Solution

(b) on

o HO & R—X Q ROMO
HO o ” —> | 1o o) G
DMSO / TBAF \j\
OH OH

Cellulose

increase in the moduli for all condition compared to
the Ca-alginate-CMC beads, and the increase was
proportional to the CMC concentration (e.g. 2.9-fold
increase for 0.1% CMC, 3.4-fold increase for 0.5%
CMC, 5.2-fold increase for 1% CMC), demonstrating
the preferential crosslinking of CMC by AI**.

It is interesting to note that the alginate beads
without CMC also showed increase in modulus by
further crosslinking AI’", though it was not as
significant as those with CMC. This result indicated
that AI** could also crosslink alginate molecules. In
order to further evaluate the nature of crosslinking of
alginate by AI’" by comparing the crosslinking
efficiency with Ca®", a control experiment was
performed in which the droplets of alginate precursor
solution were placed into Al*" solution. Interestingly,
the resulting beads were not formed properly; they
were structurally weak, eventually disintegrated over
time, and their shape was more flat (disk-shaped)
likely due to the impact when the droplets hit the Al
* solution (Fig. S4 in Supplementary Information).
This result clearly demonstrated that the alginate
bead formation was much more efficient with Ca*"
than A" even though the positive charge was lower.
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IPN Network
(Alginate + Cellulose)

OR

Anionic Cellulose

* Carboxymethyl Cellulose (CMC)
R = CH,COONa*

* Sulfoethyl Cellulose (SEC)
R = CH,CH,SO3Na*

Since aluminum ions are known to form complex
species with water molecules and hydroxide ions as
ligands (e.g. Al(H,0)z ", AI(OH)*", AI(OH)3), it was
thus suggested that more time was required for
alginate to replace the ligands and interact with AI*™
as compared to Ca*" which already existed in the
fully ionized form and readily interacted with algi-
nate (Van Benschoten and Edzwald 1990). This
result further indicated that only after the alginate
molecules were immobilized by Ca”, did APt
diffuse into the alginate beads interact with the
remaining negatively charged carboxylic groups.
The alginate-SEC beads were prepared in the same
manner and their moduli were measured. The moduli
of Ca-alginate-SEC beads, unlike CMC, gradually
decreased with increasing SEC concentration
(Fig. 2¢). This result indicated that Ca®" crosslinking
of alginate was hindered by the presence of SEC,
rather than participating in the crosslinking and
contributing to enhancing the overall mechanical
properties. Sulfonate is generally a weaker base than
carboxylate, it is thus suggested that the sulfonate
groups in SEC could not efficiently interact with Ca®
* compared to the carboxylate groups of CMC. When
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Fig. 2 a Photographs of
alginate beads, alginate-
CMC beads, and alginate-
SEC beads crosslinked by
Ca”* or Ca>* followed by
0.1 M AP* (IPN). Elastic
moduli (£) of b alginate-
CMC beads and c alginate-
SEC beads with varying
CMC or SEC
concentrations, crosslinked
by Ca*" or IPN. The
number shown on the
graphs represents the fold
increase by the IPN
formation for each

Alg+CMCO0.5

Alg+CMC1 AIg+SEC0.5 AIlg+SEC1

condition. £ values of d IPN - " - -
alginate-CMC beads and 1504 g:ﬂ A Caz, %
e IPN alginate-SEC beads 8, B ca” & A
crosslinked by varying © § 80+
concentrations of AI** (0.1, % 100+ 3
0.2, and 0.5 M) w w 13.5 -
50 404 B
2 A 1
Alg 0.1 0.5 1 Alg 0.1 0.5 1
+ CMC (%) + SEC (%)
300 80
(d) 0.1 MA™ (e) 1 0.1 MAP*
p7ZZ10.2 M AP EZz10.2M AP
0.5 M A’ 0.5 MAP
200- 120
© ©
o o
= =
w100 w g0
0- 0
Alg 0.1 0.5 1 Alg 0.1 0.5 1
+ CMC (%) + SEC (%)

they were further crosslinked with A’ to generate
IPN alginate-SEC beads, the moduli increased sig-
nificantly with increasing SEC concentration, as
compared to the Ca-alginate-SEC beads (e.g. 6.9-
fold increase for 0.1% SEC, 13.5-fold increase for
0.5% SEC and 22-fold for 1% SEC), which was
similarly shown for the IPN alginate-CMC beads
(Fig. 2c). These results highlight the preferential
crosslinking of anionic cellulose by trivalent ions
over divalent ions. Furthermore, it is interesting to
note that although the overall moduli were higher for
IPN alginate-CMC beads, the increase in moduli by
AI*" crosslinking was greater for IPN alginate-SEC

beads, likely due to the greater number of available
sulfonate groups for crosslinking by AI** compared
to carboxylic groups of CMC, as CMC was shown to
participate in the crosslinking by Ca®" more so than
SEC.

Effect of AP™ concentration on rigidity

The concentration of AI** was varied to control the
degree of secondary crosslinking density of the
anionic cellulose. For IPN alginate-CMC beads,
increasing AI’" concentration from 0.1 to 0.2 M
resulted in higher moduli at all conditions (Fig. 2d).
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However, there was a small decrease in moduli when
AI’" concentration was increased up to 0.5 M,
indicating the CMC within the beads have fully
participated in the crosslinking reaction, and excess
A’ disrupted the existing ionic crosslinks.

For IPN alginate-SEC beads, there was a similar
trend of moduli with increasing AI’* concentration
(Fig. 2e). However, unlike IPN alginate-CMC beads
whose moduli decreased at all conditions at 0.5 M
AIPT, the moduli continued to increase with SEC
concentration at 0.5 M AI*", suggesting there was a
sufficient number of free sulfonate groups still
available for crosslinking even at a higher AI’"
concentration. This result further corroborated the
previous assertion that there was greater availability
of sulfonate groups for further crosslinking by AI**,
as SEC did not participate in the initial crosslinking
of alginate by Ca*" as much as CMC. Taken
together, controlling the crosslinking density of a
secondary cellulose network with AI’* allowed for
enhancing the mechanical properties of the IPN
beads.

Effect of non-anionic functional groups of cellulose
on IPN formation

To further validate the IPN network formation of
alginate and anionic cellulose via dual ionic
crosslinking, non-anionic celluloses were also used
to generate the IPN beads. Here, methyl cellulose
(MC), hydroxyethyl cellulose (HEC), and cellulose
trimethylammonium chloride (CTMAC) were cho-
sen, as they possess functional groups that do not
form electrostatic interactions with cationic species.
For HEC, the moduli of Ca-alginate-HEC beads
decreased with HEC concentration up to 0.5% (from
17 to 9 kPa), but increased at 1% HEC (15.5 kPa)
(Fig. S5a in Supplementary Information). HEC
without the ability for ionic crosslinking likely
hindered crosslinking between alginate and Ca’",
but at higher concentration, HEC may have acted as a
filler in the alginate-HEC beads leading to increased
moduli. The moduli of IPN alginate-HEC beads were
smaller than that of alginate beads at all conditions,
demonstrating that there was negligible, if at all,
secondary crosslinking by AI’*.

On the other hand with MC, the moduli of Ca-
alginate-MC beads increased with MC concentration
up to 0.5% (from 17 to 27 kPa), but decreased at 1%
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MC (16 kPa) (Fig. S5b in Supplementary Informa-
tion). The methyl groups likely underwent
hydrophobic interaction among MC molecules, but
further increase in local hydrophobicity may have
disrupted the ionic crosslinking. Like alginate-HEC
beads, the moduli of IPN alginate-MC beads were
either smaller than (below 0.5% MC) or similar to (at
1% MC) that of alginate beads, which also indicated
the minimal role of secondary crosslinking by AP

Incorporating CTMAC, an aqueous-soluble cellu-
lose with positively charged trimethylammonium
chloride groups, into the alginate beads had a
different effect on the rigidity. The moduli of Ca-
alginate-CTMAC beads increased with CTMAC
concentration up to 1% CTMAC, from 17 to
30 kPa. Ca’" and CTMAC may have both con-
tributed to the crosslinking of alginate, leading to
increased moduli (Fig. S5c in Supplementary Infor-
mation). However, the moduli of IPN alginate-
CTMAC beads were much lower than those of IPN
alginate-HEC beads and IPN alginate-MC beads,
such that the moduli became similar to those of Ca-
alginate-CTMAC beads at 0.5 and 1% CTMAC. This
interesting result may have stemmed from AI’"
competing with and replacing CTMAC molecules
that had already formed ionic interaction with
alginate. Taken together, the aqueous-soluble cellu-
loses without anionic functional groups were not able
to form secondary network via ionic crosslinking
with AI’", thereby proving the IPN formation of
alginate-CMC and alginate-SEC beads by dual ionic
crosslinking.

Swelling properties of IPN alginate-cellulose
beads

Effect of IPN formation by AP on swelling

In order for the IPN alginate-cellulose beads to be
successfully utilized as a carrier of biological entities
such as drug molecules and cells, it is imperative that
the diffusivity of the beads must be sufficient enough
to allow various drugs to be released at desired rates
and provide nutritional support for the encapsulated
cells. Therefore, the swelling ratios of the alginate-
cellulose IPN beads were measured to evaluate the
effect of various dual crosslinking conditions on the
diffusional properties of the beads. According to the
rubber-elasticity theory, the crosslinking density has
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an opposite effect on the mechanical and diffusional
properties of a material; increasing the crosslinking
density, while enhancing the mechanical properties,
usually decreases the diffusional properties as more
crosslinked network prevents the entry of the sur-
rounding fluids (Anseth et al. 1996). Since the dual
ionic crosslinking was employed to control the
varying degrees of crosslinking density of the IPN
beads, this could inevitably lead to altered diffusional
properties.

The swelling ratios of Ca-alginate-CMC beads
gradually decreased with increasing CMC concentra-
tion, up to 45% at the highest CMC concentration of
1%, as compared to Ca-alginate beads (Fig. 3a). This
result indicated that the CMC was able to participate
in the extensive crosslinking reaction with the
alginate by Ca®". On the other hand, the swelling
ratios of IPN alginate-CMC beads did not decrease
significantly with increasing CMC, only 14%
decrease at 1% CMC, which is especially surprising
considering that the rigidity of IPN alginate-CMC
beads was much greater than that of Ca-alginate-
CMC beads. This result may stem from the different
nature chemical crosslinking by A’ from Ca®*. The

mechanical properties of IPN alginate-CMC beads
shown in Fig. 2 suggested that the polymeric network
formed by AI’™ had greater impact on improving the
mechanical properties of the existing network, but
could not efficiently crosslink the polymers in a
solution state as shown in Fig. S4. This suggested that
trivalent AI’* undergoes ionic crosslinking with more
polymer chains at closer range than divalent Ca*",
resulting in more space between crosslinks leading to
higher degree of swelling. Furthermore, Chremos
et al. have recently demonstrated that the higher-
valent ions interacting with polyelectrolytes increase
the local counter-ion concentration (Chremos and
Douglas 2016). Thus it is possible that there was a
greater ionic strength within the beads crosslinked by
AP’" than Ca®" due to higher concentrations of
counter-ions around the polymeric network, leading
to increased hydrophilicity.

Similarly, the swelling ratios of Ca-alginate-SEC
beads and IPN alginate-SEC beads were similar
regardless of the SEC concentrations (Fig. 3b).
Unlike alginate-CMC beads, there was a gradual
increase in swelling with SEC concentration. Cou-
pled with the decrease in moduli shown in Fig. 2c,

Fig. 3 Swelling ratios (a)
(Q) of a alginate-CMC 45
beads and b alginate-SEC

beads with varying CMC or

SEC concentrations,

crosslinked by Ca*" or Ca’ O 3
* followed by 0.1 M AT
O values of ¢ IPN alginate-
CMC beads and d IPN
alginate-SEC beads

60
(b) ** Tz ca™

crosslinked by varying 15 Alg 0.1 .5 1
concentrations of AI>* (0.1, S -
0.2, and 0.5 M) + CMC (%) + SEC (%)
(c) 00 101 MAP (d) 60 0.1 MAP
0.2MAI” 0.2M AI”
0.5 MAP” 0.5 M A
40+ 40
< o
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0 0
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+ CMC (%) + SEC (%)

@ Springer



4972

Cellulose (2017) 24:4963-4979

alginate-SEC beads had lower crosslinking density
than alginate-CMC beads, therefore confirming the
presence of SEC within the alginate prevented
efficient and extensive crosslinking by Ca*".

Effect of AP concentration on swelling

The swelling ratios of IPN beads prepared by varying
concentrations of AI** was also measured to evaluate
the effect of crosslinking density of the cellulose
network on the swelling properties of the resulting
beads. As expected, increasing the AI*" concentra-
tion from 0.1 to 0.2 M resulted in substantial decrease
in swelling ratios for both IPN alginate-CMC and
IPN alginate-SEC beads (Fig. 3c, d). Further increase
in AI’™ concentration to 0.5 M did not significantly
affect the swelling ratios of the resulting IPN beads.
These results were in close accordance with the
rigidity of the beads shown in Fig. 2d, e, demon-
strating the expected inverse relationship.

Structural durability against chelating
environment

Hydrogel beads prepared via ionic crosslinking are
especially susceptible towards dissolution compared
to covalent crosslinked hydrogels. The dissolution is
often expedited by the presence of chelating chem-
icals in an aqueous environment that can induce the
ion leaching from the beads Thu et al. (1996a, b).
Unlike well-controlled laboratory settings, many
biological and industrial applications involve the
chemicals (e.g. citrate, phosphate, metalloenzymes,
ethylenediaminetetraacetic acid (EDTA)) that can
weaken the bead structures by chelation. Therefore,
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the effect of dual ionic crosslinking of IPN beads on
the structural durability against chelating agents was
explored.

The alginate-cellulose IPN beads were incubated
in a buffered solution containing EDTA, a well-
known chelating agents used in biochemical applica-
tions, and the time required for complete
disintegration of the bead structure was measured
(Fig. 4). For IPN alginate-CMC beads, increasing
CMC concentration from 0.1 to 1% resulted in
delayed dissolution time, which was maximized
when the AI’™ concentration was increased to
0.5 M (e.g. 270% increase in dissolution time from
0.1 to 1% CMC at 0.5 M Al”, Fig. 4a). Increased
crosslinking density of the CMC network likely
delayed the diffusion of EDTA into the beads. IPN
alginate-SEC beads similarly displayed the delayed
dissolution with increasing SEC concentration (e.g.
32% increase in dissolution time from 0.1 to 1% SEC
at 0.1 M Al3+) (Fig. 4b). However, unlike alginate-
CMC beads, increasing AI** concentration did not
have much effect on the dissolution time, likely due
to the diminished crosslinking density as compared to
IPN alginate-CMC beads.

Effect of different trivalent ions on IPN formation

In order to evaluate the role of trivalent ions on the
IPN formation, other trivalent ions, Fe* and Cr’™,
were used to fabricate the IPN alginate-cellulose
beads and their mechanical properties were measured
and compared with those made with AI>" (Emregiil
et al. 1996; Xiao et al. 2009). Their concentrations
were also varied from 0.1 to 0.5 M. With the increase
in concentration, the color of the beads became
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Fig. 4 Structural durability of a IPN alginate-CMC beads and b IPN alginate-SEC beads crosslinked by varying concentrations of
AP (0.1, 0.2, and 0.5 M), assessed by the time to completely dissolve the beads incubated in a chelating solution
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Fig. 5 Photographs of alginate beads, IPN alginate-CMC beads, and IPN alginate-SEC beads crosslinked by varying concentrations

of a Fe** or b Cr*t

stronger due to the increased presence of Fe’t
(yellow) and crrt (green) (Fig. 5). The largest
increase in moduli was attained using Fe’™ at all
concentrations for both IPN alginate-CMC and
alginate-SEC beads. Since Fe" is the heaviest and
largest of the three ions (i.e. atomic numbers of Al,
Cr, and Fe are 13, 24, and 26, respectively), it was
likely able to interact more favorably with anionic
functional groups (Fig. 6a, b). The effect of mass and
size of crosslinking ions on the mechanical properties
has been similarly demonstrated with alginate beads,
in which the alginate beads crosslinked by larger and
heavier divalent ions such as Ba>*, Sr**, and Cd**
were stronger than those crosslinked by Ca®* (Mgrch
et al. 2006; Ouwerx et al. 1998).

However, at higher ion concentrations, the moduli
of the AI>" crosslinked beads became significantly
larger than those of Cr’" crosslinked beads at all
CMC and SEC concentrations (Fig. 6¢, d, e, f). It was
suggested that the diffusivity of the ions through the
beads may have played a greater role; smaller AP
was able to diffuse into the beads better than Cr**. It
should be noted that regardless of the type of trivalent
ions, the moduli of IPN alginate-CMC beads were
generally larger than those of IPN alginate-SEC
beads at higher cellulose concentrations.

As similarly done with AI’", the droplets of the
bead precursor solution were placed into Cr>* or Fe?
* solution, rather than Ca”, to generate the bead
structures to compare the crosslinking efficiency
(Fig. S6 in Supplementary Information). The beads
made with Cr’" were weak and did not formed
properly, which was similar with the AP

crosslinked beads. On the other hand, the beads
made with Fe*>* were more mechanically robust, and
their spherical shape was well maintained, although
their rigidity was still much lower than those
crosslinked with Ca®", which further highlighted
the greater crosslinking efficiency of Fe®" over Cr’™.
Regardless of the type of trivalent ions, the alginate
crosslinking was much more efficient with divalent
Ca”" than the trivalent ions.

Drug release from IPN alginate-cellulose beads

The results of this study have demonstrated that the
mechanical and swelling properties of the IPN
alginate-cellulose beads could be controlled in a
wide range by the concentration and crosslinking
density of the cellulose network. Therefore, based on
these results, it was hypothesized that these beads
could be utilized as a controlled drug delivery system.
To demonstrate, drug release profiles from various
IPN alginate-cellulose beads were obtained and the
release kinetics were analyzed. Here, bovine serum
albumin (BSA) was chosen as a model protein drug.

For IPN alginate-CMC beads, the release profile
followed a sigmoidal pattern, showing the initial
delay before more extensive release (Fig. 7a). This
type of release kinetics is commonly found in IPN
networks where chain relaxations of both primary and
secondary networks are required for more extensive
drug release (Fu and Kao 2009). Therefore, these
profiles were fitted with the Weibull model which
accounts for the sigmoidal release pattern (Dash et al.
2010). The exponent value which represents the
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Fig. 6 Elastic moduli (E) of a, ¢, e IPN alginate-CMC beads and b, d, f IPN alginate-SEC beads, crosslinked by varying

concentrations of AI*T, Fe** or Cr** (0.1, 0.2, and 0.5 M)

release kinetics was close to one for IPN alginate-
CMC beads (Fig. 7b). But the exponent for alginate
beads deviated greatly from unity, which further
highlighted the difference in release kinetics between
alginate beads and IPN alginate-cellulose beads. The
lag time constant, which represents the extent of
delayed response, increased with CMC concentra-
tions, as expected, due to the greater crosslinking
density of CMC (Fig. 7c). This result demonstrated
that the degree of crosslinking of CMC network
allowed for the control of the drug release from the
IPN alginate-CMC beads.

The release profiles from IPN alginate-SEC beads
did not show the sigmoidal pattern, and thus did not

@ Springer

fit well with the Weibull model. They rather fitted
well with the Ritger—Peppas model, a power-law
dependence on time, suggesting that the drug release
was not significantly affected by the secondary SEC
network (Fig. 8a) (Hashmi and Dufresne 2009). The
kinetic rate constants of IPN alginate-SEC beads
were larger than that of alginate beads, despite the
presence of the SEC network within the beads
(Fig. 8b). This trend is in accordance with the lower
rigidity and higher swelling of IPN alginate-SEC
beads at higher SEC concentrations, as shown in
Figs. 2 and 3.

As a control, drug release profiles from Ca-
alginate-CMC beads were also measured to validate
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the effect of secondary crosslinking of CMC on the
release mechanism (Fig. S7 in Supplementary Infor-
mation). Unlike IPN alginate-CMC beads, the release
profiles did not demonstrate the sigmoidal pattern,
but rather followed a conventional swelling-con-
trolled Ritger—Peppas model. In addition, the kinetic
rate constants increased with CMC concentration,
which was opposite to the delayed release from IPN
alginate-CMC beads. Similarly, the drug release
profiles from Ca-alginate-SEC beads were also
measured (Fig. S7 in Supplementary Information).
Like the IPN alginate-SEC beads, they fitted well
with the Ritger—Peppas model. However, the kinetic
rate constants gradually increased with SEC

concentration, similar to those of Ca-alginate-CMC
beads. These results highlighted that the presence of
non-crosslinked cellulose within the alginate beads
helped facilitate the drug release, not acting as a
limiting factor, and validated the effect of secondary
crosslinking of the cellulose of IPN alginate-cellulose
beads on controlling the drug release.

Microbial activity within IPN alginate-cellulose
beads

Alginate beads have long been used to immobilize

genetically engineered microbial species for sus-
tained and ecofriendly production of industrial
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chemicals and fuels. Compared to the raw fermenta-
tion method, incorporating bead encapsulation
technology provides several benefits. First, it pro-
vides protection from harsh processing conditions (e.
g. high shear stress, and toxic chemical additives).
Second, it allows easy recovery from the fermenting
mixture without the need for centrifugation, which is
especially attractive for repeated batch fermentation.
Third, the efficient mass production of cell-encapsu-
lated beads is possible by simply mixing the cells
with the precursor solution. Therefore, E. coli capable
of producing enhanced green fluorescent protein
(GFP™-E. coli) was used as a model microbial system
for encapsulation into the alginate-cellulose beads,
and the viability and GFP" expression from the
GFP*-E. coli were evaluated.

For all conditions, the viability of GFP"-E. coli
increased substantially after 1 day of culture, indi-
cating that the cells were able to proliferate within the
beads (Fig. 9). For IPN alginate-CMC beads, the
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Fig. 9 The normalized viability (4's;0) of GFP'-E coli
encapsulated in (a) IPN alginate-CMC beads and b IPN
alginate-SEC beads measured over 3 days of culture. The
viability at each time point was evaluated by the amount of
MTT formazan, metabolized by the living cells, with the
characteristic absorbance 570 nm (457¢). The values were then
normalized with that measured immediately after fabrication
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viability at day 1 generally increased with the CMC
concentration (Fig. 9a). In addition, the viability was
well maintained at the highest CMC concentration
(1%) during 3 days of culture, whereas there was a
small decrease in viability in other conditions.
Similarly for IPN alginate-SEC beads, the viability
became larger with SEC concentration at day 1,
although the difference was not as significant as that
shown for IPN alginate-CMC beads (Fig. 9b). Unlike
the IPN alginate-CMC beads, the viability in the IPN
alginate-SEC beads at the highest SEC concentration
gradually decreased over time and became similar to
other conditions. These results suggest that the
mechanical properties of the beads had a significant
influence over the encapsulated cells; the viability
and proliferation were higher in the beads with
greater rigidity, and the long term viability was better
maintained in the beads with greater structural
durability. The effect of enhanced mechanical envi-
ronment on the encapsulated microbial cells has been
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(day 0). The relative fluorescence intensity (/’r) of the GFP*
produced by the encapsulated cells in (¢) IPN alginate-CMC
beads and d IPN alginate-SEC beads. /’r was calculated by
normalizing the fluorescent intensity (/) with the viability
shown in (a) and (b) to account for the GFP expression by each
cell
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similarly demonstrated in previous studies (Cha et al.
2012; Chan et al. 2011).

In addition to the viability, the GFP* expression
from the encapsulated GFP*-E. coli was also mea-
sured to evaluate the effect of mechanical properties
of the beads on the level of gene expression. The
adjusted fluorescence intensity (i.e. the fluorescence
from GFP*-E. coli normalized with that from wild
type E. coli, Fig. S8 in Supplementary Information)
was normalized with the viability shown in Fig. 9a, b
to represent the level of GFP™ expression from each
living cell in the bead (I’r). For IPN alginate-CMC
beads, I’r increased over time for all conditions, but
the values were lower than that from alginate beads
(Fig. 9¢). On the other hand, the I'r from IPN
alginate-SEC beads were larger than that from
alginate beads, except at the highest SEC concentra-
tion (Fig. 9d). These interesting results point to the
changes in diffusional properties of the beads having
a large impact on the protein expression level; the
swelling ratios of IPN alginate-CMC beads were
smaller than that of alginate beads, and decreased
with CMC concentration, whereas the swelling ratios
of IPN alginate-SEC beads increased with SEC
concentration (Fig. 3). The diffusional limit caused
by the increased crosslinking density of the beads
likely diminished the metabolic rate by the encapsu-
lated cells. At any rate, the protein expression from
the encapsulated GFP*-E coli increased over time for
all bead conditions, demonstrating their biocompat-
ibility and utility as a cell-encapsulating vehicle.

Conclusion

Taken together, this study demonstrated a compre-
hensive examination of interpenetrating network
(IPN) of alginate-cellulose beads prepared by a dual
ionic crosslinking method. Aqueous-soluble anionic
celluloses, carboxymethyl cellulose (CMC) and sul-
foethyl cellulose (SEC), were capable of undergoing
ionic crosslinking reaction with multivalent cations.
Interestingly, they were more dominantly crosslinked
by trivalent cations (e.g. AI’", Cr*" and Fe*™) than
divalent Ca®". This aspect necessitated the need for
the sequential crosslinking strategy to engineer the
IPN alginate-cellulose beads; alginate crosslinking by
divalent ions followed by cellulose crosslinking by
trivalent ions. Mechanical and diffusional properties

of the IPN alginate-cellulose beads could be con-
trolled in a wide range by the concentrations of
cellulose and crosslinking trivalent ions. The struc-
tural durability of the beads against a chelating
environment was also enhanced by the IPN forma-
tion. These controllable properties of the IPN
alginate-cellulose beads allowed for their utilization
as carriers of biological entities, as demonstrated by
the ability to control the drug release rate and the
activity of encapsulated microbial cells. It is expected
that the strategy of creating IPN via dual ionic
crosslinking in an efficient and controllable manner
as presented in this study could be utilized in various
forms of materials for biomedical applications.
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