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Abstract

Biocompatible polymer solutions that can crosslink in situ following injection to form stable
hydrogels are of interest as depots for sustained delivery of therapeutic factors or cells, and as
scaffolds for regenerative medicine. Here, injectable self-gelling alginate formulations obtained by
mixing alginate microspheres (as calcium reservoirs) with soluble alginate solutions were
characterized for potential use in immunotherapy. Rapid redistribution of calcium ions from
microspheres into the surrounding alginate solution led to rapid crosslinking and formation of
stable hydrogels. The mechanical properties of the resulting gels correlated with the concentration
of calcium reservoir microspheres added to the solution. Soluble factors such as the cytokine
interleukin-2 were readily incorporated into self-gelling alginate matrices by simply mixing them
with the formulation prior to gelation. Using alginate microspheres as modular components,
strategies for binding immunostimulatory CpG oligonucleotides onto the surface of microspheres
were also demonstrated. When injected subcutaneously in the flanks of mice, self-gelling alginate
formed soft macroporous gels supporting cellular infiltration and allowing ready access to
microspheres carrying therapeutic factors embedded in the matrix. This in-situ gelling formulation
may thus be useful for stimulating immune cells at a desired locale such as solid tumors or
infection sites as well as for other soft tissue regeneration applications.
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Introduction

Alginate is a natural polysaccharide commonly obtained from brown seaweed, which forms
a physical hydrogel in the presence of divalent cations such as calcium. Due to its
biocompatibility, mildness of gelation conditions, and low immunogenicity, purified
alginate has been widely used in food and pharmaceutical industries, as well as for many
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biomedical, biomaterial, and therapeutic applications [1-5]. Alginate chains are multiblock
copolymers consisting of poly-D-mannuronic acid (M) blocks, poly-L-guluronic acid (G)
blocks, and alternating G/M blocks. The size, proportions, and the distribution of each block
influence both the physical and chemical properties of alginate, with G units contributing to
the crosslinking capacity through stereocomplexation in an *“egg-box” conformation[6],
while M and G/M blocks provide flexibility to the resulting networks. Alginate is stable
against breakdown by mammalian enzymes but dissolves and can be eliminated through the
kidneys in vivo; alternatively, partial oxidation of uronic units of sodium alginate can be
used to make alginate susceptible to hydrolytic breakdown in vivo [7,8][9].

Because of the cooperative nature of crosslinking by G units and the small size of the
crosslinking ions, gelation of alginate can occur very rapidly. For example, aqueous alginate
solutions added dropwise into a calcium-containing aqueous bath form gel beads via rapid
diffusion of calcium into the alginate. Such ‘external gelation” methods have been employed
for entrapment of cells or macromolecules into microbeads for therapeutic agent delivery
[2,3,10]. Alternatively, ‘internal’ gelation methods have been developed, in which the
gelling ions are supplied from within an initially soluble alginate solution. For example,
calcium salts with low water solubility, such as carbonate, sulfate, and phosphate [1,11-14]
can be mixed with alginate precursor solutions; slow dissolution of these inorganic calcium
sources controllably crosslinks the surrounding alginate solution. Since many calcium salts
and complexed ions show pH-dependent solubility, molecules such as polyphosphate or
ethylenediamine tetraacetic acid (EDTA) [11,15,16] or chloride compounds such as
ammonium chloride[15] may be added to alginate solutions to promote gradual release of
calcium by changing the pH of the release medium.

To achieve non-invasive delivery of alginate gels for biomedical applications, variations on
the concept of internal gelation have been employed to create ‘self-gelling’ formulations of
alginate that facilitate injection of alginate followed by in situ crosslinking in vivo. Melvic et
al [17] lyophilized calcium alginate gels and milled these dried solids to form calcium
alginate particles, which were used as a source of slowly-released calcium ions when mixed
with soluble alginate solutions. Thermally triggered release of calcium from phospholipid
vesicles mixed with alginate solutions, employing liposomes that rupture at a physiological
temperature, has also been demonstrated as a method for in situ formation of alginate
hydrogels [18]. Alternatively, for applications where soft gels are suitable, alginate with low
levels of calcium added can be formulated as a viscous solution that is still injectable [X].

Recently, we developed a self-gelling alginate hydrogel formulation based on alginate
microspheres as calcium reservoirs mixed with soluble alginate solutions [19]. When
calcium-reservoir microspheres were mixed with alginate/cell solutions and injected s.c. in
mice, these solutions formed stable gels in vivo within ~60 min. In our initial studies [19],
we explored the use of these injectable gels for delivery of dendritic cells (DCs), key
immune cells capable of initiating immune responses for vaccination or immunotherapy in
cancer or infectious diseases [20-25]. DCs sequestered in alginate gels elicited robust
recruitment of host T-cells and dendritic cells to the matrix, and the induction of immune
responses by these “vaccination nodes’ was demonstrated. T-cells primed in the native
lymph nodes trafficked to these alginate gels, indicating that this DC-gel immunization is
capable of directing effector T-cells to defined tissue sites in large numbers.

To build on these initial studies and better understand how the composition of injectable
alginate gels influences their properties, here we focus on the gel materials themselves and
report characterization of the mechanical properties and structure of gels formed from self-
gelling alginate formulations in vitro and in vivo. Compositions were chosen such that the
gels form low-viscosity solutions amenable to mixing/drawing in a syringe, and set to form
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stable gels following injection via crosslinks contributed by ions in the interstitial fluid in
vivo. A similar strategy of injecting of low-viscosity calcium-crosslinked alginate (via
homogenization and dispersion of calcium gluconate in a sodium alginate solution) followed
by gelation in situ has also been successfully employed for repair of myocardial infarction in
rats in a recent study by Landa, et al[26]. In addition, we explored strategies to enhance the
function of these gels in immunotherapy, via the co-delivery of the immunomodulatory
factors interleukin-2 (IL-2) and CpG oligonucleotides in the matrix. We thus demonstrate
two different strategies for incorporating factors into these injectable matrices, encapsulation
within the bulk matrix (IL-2), or electrostatic anchoring to the surfaces of embedded alginate
microspheres (CpG oligos). By variable combination of these strategies, a flexible platform
for cell delivery and supporting factors is obtained. This modular approach to augmenting an
injectable, biocompatible gel that supports cellular infiltration with slow release of cytokines
or presentation of factors immobilized within the matrix may be useful in a range of soft
tissue regenerative medicine applications, in addition to our particular interest in
immunotherapy of cancer.

Materials and Methods

Materials

Sterile alginates Pronova SLM20 (MW 75,000 — 220,000 g/mol, >50% M units; endotoxin
level <25EU/g) and Pronova SLG20 (MW 75,000 — 220,000 g/mol, >60% G units;
endotoxin level <25EU/g) were purchased from Novamatrix (FMC Biopolymers, Sandvika,
Norway). All antibodies were purchased from BD Biosciences (San Jose, CA). 2, 2, 4-
trimethylpentane (isooctane, ChromAR grade, 99.5% purity) was obtained from
Mallinckrodt Baker (Phillipsburg, NJ). Poly-L-lysine hydrobromide (MW 30,000-70,000 g/
mol), FITC-poly-L-lysine hydrobromide (MW 30,000-70,000 g/mol), and 6-
aminofluorescein were obtained from Sigma-Aldrich (St. Louis, MO). Mag-fura-2
tetrapotassium salt, was purchased from Invitrogen (Carlsbad, CA). CpG oligonucleotides
with a phosphorothioate backbone (CpG 1826, sequence 5'-/5AmMC6/TCC
ATGACGTTCCTGACGTT-3") and FITC-CpG (FITC-CpG 1826, sequence 5'-/5AmMMC6/
TCC ATGACGTTCCTGACGTT/36-FAM/-3") were synthesized by Integrated DNA
Technologies (Coralville, 1A). Recombinant murine IL-2 was purchased from Peprotech Inc
(Rocky Hill, NJ). Hilyte Fluor™ 647 amine was purchased from Anaspec, Inc (San Jose,
CA), and Slide-A-Lyzer Dialysis Cassettes (7000MWCO) from Pierce Biotechnology
(Rockford, IL). All other chemicals were purchased from Sigma and used as received unless
otherwise stated.

Fluorescent labeling of alginate

SLM20 alginate (0.02g/mL) was mixed with 9 mM EDC (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride) and 9 mM sulfo-NHS (N-hydroxysulfo
succinimide) in PBS at 20°C for 2 hrs. An equal volume of 6-aminofluorescein (4.5 mM in
70% ethanol) or Hilyte Fluor 647 (0.32 mM in water) was added to the alginate solution
containing EDC/Sulfo-NHS and reacted at 20°C for 18 hrs while rotating. The resulting
solution was then dialyzed (7 KDa MWCO) against 1 L PBS at 4°C for 3 days with 3-5
changes of the dialysis bath. Labeled alginate solution was adjusted to a concentration of
0.01g/mL in PBS, sterile-filtered and stored in the dark at 4°C until use.

Calcium reservoir microsphere synthesis and self-gelling alginate

Alginate microspheres were synthesized as previously described[19], with 1.5 mL sorbitan
monooleate, 0.5 mL polyethylene glycol sorbitan monooleate, and 35 mL isooctane,
homogenized for 3 min using an UltraTurrax T25 homogenizer (IKA Works, Wilmington,
NC) at a speed of 8x1000/min. Pronova SLG20 solution (0.01 g/mL in PBS, 400 uL) was
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added and homogenized for 3 min, followed by addition of 25 pL ag. CaCl, (0.05 g/mL)
with homogenization for 4 min. The resulting particles were washed once with 30 mL
isooctane and 3x with 1 mL of deionized, distilled (DD) water, then resuspended in DD
water for a final volume of 1 mL and stored at 4°C until use. Microsphere sizes were
determined from optical micrographs taken with a Zeiss Axiovert 200 epifluorescence
microscope at 40x and analyzed with MetaMorph software (Molecular Devices,
Downingtown, PA). Endotoxin levels in the microspheres were assessed using the
QCL-1000® Endpoint Chromogenic LAL Assay (Lonza, Basel, Switzerland) according to
the manufacturer's instructions. This measurement on high-G alginate microspheres yielded
0.000615EU/ug particles, well below levels stimulatory for innate immune cells [36-38].

Self-gelling alginate gels were formulated by pelleting calcium reservoir SLG20
microspheres (quantities as noted in the text), resuspending the particles in a minimal
residual volume of water with a bath sonicator for 2 min, and adding Pronova SLM20
(0.01g/mL in PBS) alginate matrix to a constant final volume (i.e. 170 uL microspheres
+alginate), dispersing microspheres throughout the solution. For delivery of self-gelling
alginate in vivo, 150uL of microspheres/solution mixture was immediately drawn by an
insulin syringe (28gauge, BD Biosciences) and injected s.c. in anesthetized mice.

Ca?* quantification in alginate microspheres and self-gelled alginate

Alginate microspheres (100 pL of stock suspension) were pelleted and dissolved with EDTA
(ethylenediaminetetraacetic acid disodium salt dehydrate; 100 pL, 2.5mM in water) and 890
uL PBS, with 10 min of sonication. Mag-fura-2 dye (5 ug/mL) was added to the dissolved
microsphere solution and fluorescence was recorded on a SpectraMax M2 Microplate
Reader (Molecular Devices, Sunnyvale, CA) at 340ex/515em and 380ex/515em in a flat-
bottom 96-well UV-transparent plate (BD Falcon, Franklin Lakes, NJ) alongside a series of
Ca?* dilution standards. Calcium levels were determined using the ratio of emission
intensities recorded from 340 nm and 380 nm excitation, calibrated to calcium concentration
by the standard dilutions and accounting for the fraction of calcium chelated by EDTA. In
parallel, some microsphere samples were dissolved with EDTA and elemental analysis was
performed using inductively coupled plasma optical emission spectroscopy by Quantitative
Technologies, Inc. (Whitehouse, NJ). Elemental analysis on in vitro-formed or explanted
gels was performed following digestion of gels with 100 uL of 100 mM EDTA and100 pL
of 10 mg/mL alginate lyase for 24 hrs at 20°C or until dissolved.

Kinetics of Ca?* redistribution in self-gelling formulations

For time-lapse microscopy analysis of Ca2* redistribution from microspheres into alginate
solutions, 200 puL of alginate matrix solution (0.01 g/mL SLM20) pre-incubated with 25 pg/
mL mag-fura-2 solution for 2 hrs was imaged in a 8-well Labtek chambered coverslip
(Nalge Nunc, Rochester, NY) on a Zeiss Axiovert 200 epifluorescence microscope equipped
with a CoolSnap HQ CCD camera (Princeton Instruments Inc., Acton, MA). Time-lapse
fluorescence images of the samples were collected at 340 nm ex/515 nm em and 380 nm ex/
515 nm em at 45 sec intervals for 10 min using a 40x objective to establish the baseline
fluorescence. Microspheres (1.25x106) were then mixed with the matrix solution containing
the dye and time-lapse recording of mag-fura fluorescence was continued for 60 min. All
data was acquired and fluorescence emission ratios (340 ex:380 ex) were analyzed using
Metamorph software.

Complementary Ca2* redistribution measurements were made for bulk solutions using a
fluorescence plate reader: calcium reservoir microspheres were mixed with matrix alginate
and at staggered timepoints following mixing, microsphere/SLM?20 solutions were
centrifuged at 16000xg for 10 min to separate microspheres from the alginate solution. The

Acta Biomater. Author manuscript; available in PMC 2011 February 21.



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

1duasnuey Joyiny vd-HIN

Hori et al. Page 5

supernatant solution was mixed with mag-fura-2 dye (5 pg/mL) in a UV-transparent 96-well
plate and fluorescence signals were acquired using a SpectraMax M2 Microplate Reader and
analyzed as described above.

Shear modulus measurements

The shear moduli (G’ and G”) of self-gelled alginate gels were measured using a parallel
plate configuration on an AR-G2 rheometer (TA instruments, New Castle, DE) connected to
a Julabo F25 Refrigerated/Heating Circulator (Seelbach/Black Forest, Germany). Self-
gelling alginate containing different amounts of SLG20 microspheres were mixed and
immediately pipetted onto the bottom plate and were allowed to gel for 1 hr at 25°C. A
solvent trap cover was used to prevent water loss during gelation/measurements. Oscillatory
shear was then applied at an angular frequency of 1 rad/s and a controlled strain of 5% with
450um gap, a condition that showed minimal wall slip effects. Time sweep measurements
were taken for 35 min (the moduli reported are the time-averaged values), followed by
frequency and strain sweeps for each sample.

Animals and cells

Animals were cared for in the USDA-inspected MIT Animal Facility under federal, state,
local and NIH guidelines for animal care. C57BI/6 mice and C57BI/6 mice expressing green
fluorescent protein (GFP) under the chicken B-actin promoter and cytomegalovirus enhancer
were obtained from Jackson Laboratories. Bone marrow-derived dendritic cells (BMDCs)
were prepared by isolating bone marrow from the tibias and femurs of C57BI/6 mice or
GFP* mice and culturing them in vitro over 6 days in the presence of 10ng/mL GM-CSF in
complete medium (RPMI 1640 containing 10% FCS, 2 mM L-Glutamine, penicillin/
streptomycin, and 50 uM 2-mercaptoethanol) following a modification of the procedure of
Inaba [27] as previously reported [28]. BMDCs were used on day 6 or 7 as resting immature
DCs or stimulated with CpG overnight (~18 hrs) as activated mature DCs.

IL-2 release from self-gelling alginate in vitro

Alginate particles (3x10°) were pelleted as above, mixed with 2 pg IL-2 (100ug/mL) for 18
hrs at 4°C, and then directly added to 1% Pronova SLMZ20 (140 uL of 0.01g/mL in PBS)
matrix to form a gel. All samples were allowed to gel at 37°C for 2 hrs while gently shaking,
followed by a gentle wash with 1 mL of complete medium. Release studies were conducted
by adding 1mL of the complete medium to gels at 37°C; 950 pL of supernatant was
removed at each time point over 7 days and fresh medium added to replace that withdrawn.
The supernatants were stored at 4°C until all the time points were collected, and on day 7 the
alginate gels were digested with 10mg/mL alginate lyase for ~20 min at 37°C to recover all
remaining cytokine. The amounts of cytokine in supernatants from each sample were
quantified by sandwich ELISA according to the manufacturer's instructions (R&D Systems,
Minneapolis, MN). The bioactivity of IL-2 released from alginate was tested by measuring
proliferation induced in the IL-2-dependent cell line CTLL-2 (generously provided by
Laboratory of Prof. Dane Wittrup at MIT) compared to solution standards of IL-2, using the
WST-1 proliferation assay (Roche Applied Science, Mannheim, Germany) according to the
manufacturer's instructions.

CpG/Poly-L-Lysine-coated alginate particles and BMDC stimulation

Alginate microspheres synthesized under sterile conditions were incubated with 2 mg/mL
poly-L-lysine in sterile DD H,O for 2 hr at 20°C while rotating with a Labquake rotator,
washed 3x with 1 mL of sterile DD H5,0, followed by incubation with 50 uM CpG or FITC-
CpG (in PBS) solution (5 nmoles CpG/FITC-CpG per 10° particles) overnight at 4°C while

Acta Biomater. Author manuscript; available in PMC 2011 February 21.



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

1duasnuey Joyiny vd-HIN

Hori et al.

Page 6

rotating. The microspheres were washed 3x again with sterile DD H,O and resuspended at a
concentration of 10x10 particles/mL.

Microspheres (10° or 0.5x10° unmodified, Poly-L-lysine coated, or CpG/PLL-coated) or
control soluble CpG were added to day-5 BMDC cultures containing 10° cells/mL and
incubated at 37°C for 18 hrs. Treated or control BMDCs were harvested from culture plates,
blocked with 10 ug/mL anti-CD16/CD32 antibody for 10 min at 4°C, and stained with
fluorescent antibodies against surface markers (CD11c, I-AP, and CD40) for 20 min on ice.
Stained cells were analyzed on a BD FACSCalibur flow cytometer (BD Biosciences).

FITC-CpG release from FITC-CpG/PLL alginate microspheres

FITC-CpG/PLL-coated alginate microspheres were prepared as described above, and 10°
particles were either aliquotted into Eppendorf tubes by themselves or encapsulated into
self-gelled alginate (140 pL 0.01 g/mL SLM20 in PBS + 3x10° calcium reservoir
microspheres) containing 11 mM calcium. Samples were washed once with 1 mL of phenol-
red free RPMI 1640 with 10% FCS. Release measurements were initiated by adding 300 pL
of complete medium (phenol-red free); at each timepoint the supernatant was collected and
300 pL fresh medium added to the samples over a 7-day period. The amount of FITC-CpG
released into the media was quantified by the intensity of FITC fluorescence in the
supernatant using a Perkin-Elmer HTS 7000 Plus Bio Assay Reader (Waltham, MA) with
492 nm ex and 535 nm em, calibrated by a serial dilution of FITC-CpG standard solutions.

Fluorescence and reflectance-mode confocal microscopy

For in vitro samples, SLM20 alginate labeled with 6-aminofluorescein (130uL of 0.01g/mL
in PBS) was mixed with 4x108 calcium reservoir microspheres (~14.8mM Ca?*). For
injected gels, C57BI/6 BMDCs (2x10°) were washed 3x with PBS and mixed with 160 uL
fluorescently-labeled SLM20 (0.01 g/mL in PBS) and 10° calcium-reservoir microspheres,
then 150uL of the alginate/cell suspension was injected s.c. into the flanks of anesthetized
C57BI/6 or GFP* mice with a 28 gauge insulin syringe (BD Biosciences). Animals were
euthanized and gels were explanted from mice 22-48 hrs after inoculation and imaged using
a Zeiss LSM 510 confocal microscope (Thornwood, NY). Reflectance mode imaging was
obtained by collecting back-scattered light using a 488nm laser for illumination. 3D
reconstructed images were obtained through 100-300 um depths in 1-2 um z-steps using a
40x water-immersion objective. 3D reconstruction and projections over multiple z-planes
were processed using Volocity software (Improvision Inc, Waltham, MA).

Results and Discussion

Characterization of calcium-reservoir microspheres

Prior studies have demonstrated that alginate microspheres of sizes 1-250 pm diameter can
be prepared using water-in-oil emulsions [29,30]. Similarly, we synthesized calcium-loaded
alginate microspheres by emulsification of an ag. solution of alginate in isooctane containing
surfactants, followed by crosslinking of alginate droplets via addition of ag. calcium to the
emulsion (Figure 1). In order to form microsphere reservoirs that could bind substantial
amounts of calcium, particles were formed from high-G alginate (Pronova SLG20, >60% G
unit), based on the higher affinity of G units of alginate for calcium compared to M units
[6,31,32]. Each synthesis produced ~10x108 calcium reservoir microspheres (CRMs) and
the resulting microspheres had mean diameters of 12 um + 9 um with a pellet volume of
~10 puL per 10 microspheres. Calcium loading was measured by dissolving the
microspheres with EDTA and PBS, followed by measurement of released ions using the
calcium-sensitive fluorescent dye mag-fura-2 [33-35]. Using this technique, the
microspheres were found to contain an average of 1.5 + 0.2 umol of Ca?* per mg alginate (n
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> 10 independent batches of particles). Elemental analysis of these samples yielded an
average of 1.6 + 0.2 umoles of Ca?* (n=6), consistent with the fluorescence assay. The
microspheres exhibited no swelling over the course of a week and were stable for at least 7
days in water. Analysis of the supernatant from CRM suspensions using mag-fura-2
indicated that the concentration of free Ca2* in the supernatant was effectively zero and little
Ca?* was released into the aqueous phase during storage.

Gelation of alginate solutions using calcium-reservoir microspheres

The concept of self-gelling alginate using calcium-loaded microspheres is illustrated in
Figure 1. Upon mixing of alginate microspheres with an alginate aqueous solution in PBS,
calcium ions rapidly diffused from the microspheres into the solution to form a stable
alginate gel, facilitated by sodium ion exchange. Alginate with a high M content (Pronova
SLM20, >50% M units), which forms a mechanically less rigid gel than G-rich alginate
[11,31,39], was used as the solution matrix component to favor cell infiltration into gels in
their ultimate in vivo application. To measure the kinetics of calcium redistribution upon
mixing CRMs with matrix alginate for self-gelation, we used the same microsphere/matrix
composition applied for in vivo injections described later (9%10° CRMs mixed with 150pL
SLM20 alginate (0.01 g/mL in PBS)). As described below, this composition does not form a
stable gel in vitro but forms a low-viscosity alginate solution (additional calcium from the
surrounding tissues contributes in vivo); we used this sub-gelation condition as a strategy to
allow calcium redistribution followed by rapid separation of microspheres from the still-
fluid alginate matrix solution (via centrifugation), in order to measure the amount of calcium
released into the matrix solution. First, calcium redistribution kinetics was characterized
using a calcium-sensitive dye, mag-fura-2, tracking the ratio of fluorescence emission
following excitation at wavelengths of 340 nm vs. 380 nm over time by time-lapse
fluorescence microscopy. Figure 2A shows a representative temporal trace of calcium levels
detected in the alginate solution by mag-fura-2 following addition of CRMs, illustrating the
extremely rapid release of calcium into the PBS/alginate matrix. Taking into account the
physical act of mixing (~3 min), the microspheres released Ca?* within the first several min
of mixing of the particles with the matrix solution. Bulk fluorescence measurements on a
fluorescent plate reader following separation of microspheres from the matrix alginate after
12 min showed 2.3-2.6 mM Ca?* in the alginate solution (data not shown), consistent with
the data from time-lapse microscopy, a concentration that was constant for up to 1 week.
Since the total calcium concentration in the alginate matrix + microspheres (as determined
by elemental analysis) was 3.7+0.3 mM for this composition, approximately 70% of calcium
initially present in the CRMs was released within the first few minutes, and the remaining
calcium remained sequestered within the particles for at least 7 days. Consistent with the
rapid ion redistribution kinetics measured by the calcium-sensitive dye reporter, when
fluorescent polystyrene nanoparticles (500 nm diam.) were mixed with self-gelling alginate
containing a greater total content of calcium by adding 4-fold more CRMs to alginate matrix
solutions (14.8 mM total calcium), time-lapse fluorescence imaging showed a cessation of
nanoparticle Brownian mation within 5 min, indicating gelation on short timescales when
sufficient calcium-reservoir microspheres were present (data not shown). This data is also
consistent with a prior study, which reported an increase of the shear elastic modulus of
alginate within the first several minutes of mixing of alginate with alginate-associated
calcium [17].

The microscale structure of self-gelled alginate was visualized by employing fluorescein-
labeled SLM20 as the matrix mixed with unlabeled SLG20 microspheres (net calcium
concentration ~14.8 mM). Examination of the structures of the resulting gels by confocal
microscopy showed a random distribution of the polydisperse calcium-reservoir
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microspheres (indicated by the non-fluorescent spherical voids) throughout the alginate
matrix (Figure 2B).

Mechanical properties of self-gelled alginate hydrogels

Because the concentration of CRMs directly determines the amount of calcium in self-
gelling formulation, the mechanical properties of the resulting gels were directly modulated
by the amounts of particles added. Figure 3A shows the shear moduli of self-gelled alginate
containing different amounts of SLG20 microspheres, as measured by parallel plate
rheometer. Each gel composition was allowed to set on the rheometer plate for 1 hr at 25°C
before small oscillatory shear was applied. Figure 3B shows the shear modulus over a range
of angular frequencies for gels with ~8.6mM calcium concentration, showing the dominance
of elastic behavior over two decades of angular frequency. Similar behavior was seen for
gels with calcium concentrations above ~6mM (data not shown). The amplitude of the strain
(5%) used for all the measurements fell within the linear region of the viscoelastic spectrum
as shown in Figure 3C (for the case of ~8.6mM calcium concentration). Prior studies have
generally reported elastic moduli measured for gels containing substantially higher calcium
concentrations (> 50-100 mM) and are on the order of 103 Pa [40-43]. However, direct
comparison is difficult since the mechanical properties of alginate are affected by the
alginate block structure, molecular weight, G/M ratio, and concentration. The mechanical
properties are also dependent on the electrolyte composition of the gelling medium, since
monovalent ions will compete for binding sites despite the high affinity of calcium ions with
alginate G units[44]. Such a mechanism is clearly involved in the present case where the
matrix alginate was in PBS solution (0.14M NaCl, 3mM KCI, 10mM KoHPQy, pH=7.4),
leading to mechanically soft gels as observed by LeRoux et al. for alginate gelled in the
presence of 0.15M NaCl [45], and as Khromova observed for alginate gelled in the presence
of KCI [15].

lonically crosslinked alginate is easily displaced from equilibrium by mechanical forces, and
its behavior is heavily influenced by kinetics despite its elastic behavior at low strains [44].
In addition, alginate is a shear-thinning fluid [31]. Thus, even for matrix/microsphere
mixtures providing > 6 mM total Ca2*, gels with constant and stable shear moduli were not
achievable when shear was applied immediately after loading onto the rheometer stage (data
not shown); precluding measurement of the change in shear modulus with time. However,
this behavior facilitated mixing of the matrix solution and microspheres; despite rapid ion
release, uniform mixing of the calcium-loaded microspheres and the matrix was feasible
even at relatively high CRM concentrations because application of shear during mixing
disrupted crosslinking. The self-gelling system is thus suitable for applications in which
mechanically soft yet uniform and stable gels are desired.

Sustained release of IL-2 from self-gelling alginate

Due to its mild gelation conditions, alginate has become an attractive candidate for
encapsulation and delivery of proteins and other drugs in recent years [19,46-49]. We are
particularly interested in the application of self-gelling alginate for co-delivery of immune
cells and immunoregulatory factors at tumor sites to promote anti-tumor immune responses.
We previously demonstrated that dendritic cells (DCs) are readily encapsulated in
subcutaneously-injected self-gelling alginate [19], and in order to augment their functions,
we sought to co-deliver immunoregulatory factors in these gels that could play
complementary roles in supporting anti-tumor immune responses: the immunocytokine
interleukin-2 (IL-2) and CpG oligonucleotides. To build on the self-gelling system already
described, we encapsulated IL-2 into the gels, and used alginate microspheres as modular
components to immobilize CpG on their surfaces and mix them along with CRMs into
matrix alginate solutions (Figure 1).
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IL-2 is a cytokine that supports proliferation and effector functions of lymphocytes[50-54].
It is FDA-approved for treatment of metastatic melanoma and renal cell carcinoma via
systemic injection, but is known to have dose-limiting toxicity. Thus, strategies for local
delivery at tumor sites have been sought to maximize the effectiveness of this cytokine:
Slow release of IL-2 has been previously demonstrated using controlled release polymers
[55-57], including alginate [58]. For IL-2 delivery in this self-gelling system, we mixed 2 pg
of murine IL-2 with CRMs and matrix alginate solution for gelation (3x108 microspheres/
140pL alginate matrix solution, giving ~11mM Ca2*). Release of IL-2 from the resulting
gels was measured by ELISA analysis of gel supernatants over 7 days. As shown in Figure
4, the self-gelling alginate released IL-2 in a sustained manner over a week in vitro,
suggesting that cytokines can be co-delivered from these gels into the surrounding
microenvironment for a prolonged period following injection. The bioactivity of I1L-2
released from these gels (assessed using the I1L-2-dependent cell line CTLL-2) was
statistically indistinguishable (95% bioactive) from control IL-2 solutions (data not shown).
We have previously shown that highly cationic proteins exhibit very slow release from
alginate gels due to electrostatic interactions with the matrix, but IL-2 has an isoelectric
point near neutral pH. Thus, similar to the conclusions of other studies of cytokine release
from alginate-based gels [58] [59], we speculate that the release kinetics are mediated
primarily via diffusion of IL-2 through the molecular mesh of the alginate gel.

Functionalization of alginate microspheres with CpG oligonucleotides

In addition to providing IL-2 locally to recruited T-cells, we sought a strategy to provide
activation signals locally to host DCs attracted to injectable alginate gels. CpG
oligonucleotides, short single-stranded DNA oligos that mimic bacterial DNA strands and
activate dendritic cells via Toll-like receptor-9, have been shown to potently activate DCs in
cancer settings and to break tolerance to tumor antigens [60-64]. Thus, we tested an
approach to immobilize CpG oligos electrostatically on the surface of alginate microspheres
for incorporation into self-gelling alginate formulations (Figure 1): the polycation poly-L-
lysine (PLL) was adsorbed to the anionic surfaces of CRMs followed by electrostatic
adsorption of CpG oligos (unlabeled or FITC-tagged CpG) to the PLL-modified alginate
particles. Fluorescence micrographs of FITC-CpG/PLL/alginate particles (Figure 5A)
showed clear binding of FITC-CpG to PLL-modified microspheres, and fluorescence
measurements showed that ~88% of the FITC-CpG added (5 nmol FITC-CpG incubated
with 108 particles) bound to PLL-coated microspheres. To assess the stability of CpG
binding to PLL/alginate particles, we measured the release of fluorescent CpG into
supernatants of CpG/PLL/alginate particle suspensions, self-gelled alginate containing the
same number of CpG/PLL/alginate particles, or self-gelled alginate encapsulating equivalent
amounts of soluble CpG (not immobilized). As shown in Figure 5B, most soluble FITC-
CpG was released from self-gelling alginate by ~5 days, whereas release of CpG bound to
particles was substantially slower, with only ~20% released over 1 week from either the
particles alone or from the particles encapsulated in self-gelling alginate.

In order to test whether CpG bound to alginate particles was capable of eliciting DC
activation, bone-marrow derived dendritic cells (BMDCs) were incubated with CpG/PLL/
alginate particles, PLL/alginate particles, alginate particles, or soluble CpG as a positive
control for 18 hrs. Figure 5C shows flow cytometry scatter plots gated on CD11c* cells for
each condition: While almost no untreated control BMDCs have a highly mature (activated)
MHC 11"iCD40N phenotype, ~20% of soluble CpG-stimulated DCs show this phenotype by
18 hrs. BMDCs co-cultured with alginate or PLL/alginate microspheres showed similar
phenotypes as untreated immature DCs, whereas the CpG-coated particles caused
upregulation of the CD40 and MHC class Il molecules on the DCs comparable to the soluble
CpG positive control. The viability of the cells, as assessed by PI (propidium iodide)
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staining, did not differ among the conditions tested, indicating no cytotoxicity of the
unmodified, PLL-coated, or CpG/PLL-coated alginate microspheres (data not shown). In
addition to upregulation of these molecules involved in T-cell priming, another key function
of activated DCs is the production of proinflammatory cytokines. Figures 5D and E show
that the CpG/PLL-coated microspheres triggered secretion of the pro-inflammatory
cytokines IL-6 and IL-12p70 by BMDC:s at least as efficiently as soluble CpG. Taken
together, the above data suggests that alginate microspheres do not themselves activate
dendritic cells, consistent with published data [65], but CpG oligonucleotides can be
immobilized to these particles with slow release over periods in excess of 1 week, and CpG-
modified CRMs mediate potent activation of DCs.

Gel structure and cellular infiltration of self-gelling alginate in vivo

In order to formulate a composition of CRMs and alginate matrix suitable for injection in
vivo, a series of compositions were tested for their ability to be readily drawn into and
ejected from an insulin syringe (28 gauge). Based on this practical requirement, a
composition with 6x103 CRMs/ uL SLM20 solution was selected for testing in vivo (overall
calcium concentration of 3.7+£0.3 mM). Though the amount of crosslinking ions provided by
the CRM s in this formulation gives weak mechanical properties in vitro (Figure 3), we
hypothesized that calcium available in the interstitial fluid would contribute to crosslinking
in vivo. Indeed, as shown in Table 1, when this formulation was injected in vivo
subcutaneously in C57BI/6 mice and explanted after 2 hrs, ~8 mM Ca?* was detected in the
recovered gels by elemental analysis, corresponding to gels with elastic behavior over a
range of oscillatory frequencies (Figures 3A and B), and a Ca2* contribution from the
interstitial fluid of ~4.5 mM. When alginate precursor solution was injected without added
CRMs and explanted after 2 hrs, 5.5 mM calcium was detected by elemental analysis,
corresponding to gels with ~60-fold lower shear moduli. Thus, formulations with low
concentrations of CRMs that are unable to themselves form stable gels facilitate preparation
of solutions/handling, while achieving soft but stable gels following injection in vivo via the
contribution of extracellular calcium in the tissue.

Gels formed in vitro in the studies described in previous sections form under idealized
conditions of pure buffer solutions, in the absence of serum or blood factors that are present
in vivo. To determine the structure of gels formed following in vivo injection, we injected
self-gelling alginate (6x10% CRMs/uL SLM20 solution) s.c. in C57BI/6 mice, explanted the
resulting gels 22-48 hrs after injection, and examined them in their native, hydrated state by
3D confocal microscopy. We first examined the explanted gels by reflectance-mode
confocal microscopy, a technique to visualize the surface and volume architecture and
topology of three-dimensional matrices including natural biopolymers such as collagen
[66,67] as well as synthetic polymer matrices [68]. Nano-scale fibrils of extracellular matrix
(ECM) can be resolved in situ through this method without the need for exogenous labeling
[67]. Figure 6A shows representative brightfield and reflectance-mode images of a self-
gelled alginate matrix explanted 19 hrs after injection, showing fibrillar structures that are of
micron scale. Such fibrillar structures were readily resolved within explanted alginate gels
up to z-depths as far as reflectance could resolve (~100 um). In contrast, self-gelled alginate
matrices formed in vitro were generally featureless in reflectance microscopy (data not
shown). To determine whether these fibrillar structures represented a morphological change
induced by alginate itself in vivo or were instead exogenous like ECM components or blood
factors such as fibrin depositing in the gels, fluorescent alginate was injected, and we
examined the structure in regions where fibrillar structures were prominent enough to be
observed directly in brightfield images. Figure 6B illustrates that fibrillar structures formed
within these gels (observed in brightfield) were not associated with alginate chains (green
fluorescence) but actually occupied voidspaces in the gels where alginate was absent,
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demonstrating that the self-gelling alginate forms a macroporous structure in vivo, possibly
intertwined with as yet-undefined ECM components present in the serum, the interstitial
fluid, and/or the blood.

To determine whether CpG-coated microspheres could maintain local depots of CpG within
these gels in vivo, we injected self-gelling alginate carrying Cy5-labeled-CpG/PLL-coated
alginate microspheres, non-coated CRMs, and activated, unlabeled BMDCs into transgenic
GFP* mice. Gels were explanted after 24 or 48 hrs and analyzed by 3D confocal
microscopy. Figure 6C shows that the Cy5-CpG-coated microspheres remained intact for at
least 48 hrs in vivo (left panel). Host cells (green) were also observed clustering around
CpG-bearing microspheres (Figure 6C right panel), and ingesting fluorescent CpG (Figure
6C left and right panels). We have previously shown that a large number of host DCs
infiltrate alginate gels loaded with exogenous (syngeneic) activated DCs, within 48 hrs post
injection [19]. Availability of CpG on the surface of alginate microspheres for a prolonged
time period might thus enable sustained local activation of recruited host DCs within the
matrix.

The success of a synthetic tissue engineering scaffold as a replacement for the native tissue
environment depends, among other factors, on its three-dimensional micro-architecture and
mechanical integrity, and ability to support cellular migration/infiltration [32,69]. In order to
visualize how host cells invade injected alginate matricesself-gelling alginate labeled with a
far-red dye, Hilyte Fluor 647, and containing activated, unlabeled BMDCs was injected into
transgenic GFP* mice. Fluorescence confocal microscopy of explanted gels at 48 hrs
revealed that host cells from the surrounding tissue invade the matrix via potentially two
means (Figure 7): cells occupied void spaces in the macroporous gel structure and extended
lamellipodia into void spaces (blue arrows), suggesting they preferentially infiltrated pre-
existing pores. In addition, phagocytic cells were also observed with intracellular deposits of
alginate (clearly intracellular when observed in reconstructed z-sections, not shown),
indicating ingestion of alginate by some cells as they infiltrated and made their own way
through the matrix. Examination of cell migration inside the gels under time-lapse
microscopy also revealed smaller cells rapidly migrating by squeezing through small void
spaces. This observation is consistent with the recent studies demonstrating that leukocytes
can rapidly migrate through porous matrices in the total absence of functional integrins [70].
Thus, cellular infiltration is supported by the macroporosity of in situ-gelled alginate, and
potentially by ECM molecules deposited within the gel during injection.

Conclusions

We analyzed the physical properties of self-gelling formulations of alginate formed by
mixing calcium reservoir alginate microspheres with a soluble alginate solution. We found
that relatively stable gels were formed for matrices loaded with >~6 mM Ca2*, whether
provided by microspheres only in vitro, or by a combination of ions from the reservoir
microspheres and surrounding tissue fluid in vivo. Redistribution of calcium ions from the
reservoir microspheres was rapid, reaching equilibrium within minutes of mixing with
alginate aqueous solutions. Cellular infiltration of these gels is supported by the
macroporous morphology of gels formed in situ following injection. This alginate
microsphere + alginate solution strategy for forming gels allows injectable formulations to
be achieved without introducing additional compounds or components to the system (the
final matrix contains only alginate). In addition, the microspheres can serve a dual function
as both reservoirs for calcium and as microdepots for presentation or release of co-factors in
the matrix. The ability to incorporate soluble factors like IL-2 directly into matrix and to use
microspheres as modular components for augmenting these gels with slowly released
factors, such as CpG oligonucleotides as demonstrated here, may provide a potent platform
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for immunotherapy when combined with delivery of immune cells. In addition, such non-
invasively delivered gels may be of general interest for tissue engineering and regenerative
medicine applications.
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Figure 1. Schematic of self-gelling alginate formulations based on calcium reservoir alginate
microspheres

Calcium-crosslinked alginate microspheres and microspheres modified with CpG
oligonucleotides are mixed with soluble *matrix’ alginate in PBS containing soluble IL-2
(which may also contain cells or other factors). Diffusion of calcium ions in the
microspheres into the surrounding solution induces crosslinking of the soluble alginate and
gel formation. The inset figure outlines the process of calcium reservoir alginate
microsphere synthesis via a water-in-oil emulsion of alginate in isooctane in the presence of
surfactants.
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Figure 2. Calcium ions are rapidly released from calcium reservoir microspheres into the matrix

alginate

(A) Temporal trace of calcium concentration in “‘matrix’ alginate determined by fluorescence
microscopy using the calcium-sensitive dye mag-fura-2. Calcium reservoir microspheres
(1.25%x10%) were mixed with 200 uL SLM20 alginate in PBS (composition used for injection
in vivo) and immediately imaged in time-lapse microscopy. (Error bars = SD, every 10t
timepoint). (B) 3D reconstruction of a self-gelling alginate formulation containing 4x106
calcium reservoir microspheres in 130uL SLM20 matrix (14.8 mM Ca?* overall), showing
alginate microspheres (nonfluorescent voids) distributed throughout the fluorescent matrix.

(scale bar: 50um).
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Figure 3. Mechanical properties of self-gelling alginate gels are controlled by the amount of
calcium reservoir microspheres in the formulation

(A) Shear storage (G’ (o)) and loss (G” (o)) moduli of self-gelled alginate containing
different amounts of SLG20 microspheres were measured by parallel plate rheometer,
showing an increase in the elastic shear moduli with the number of calcium reservoir
alginate microspheres for a fixed total volume of the final gels. (B) Frequency sweep of self-
gelling alginate gel with 8.6mM total calcium content shows the elastic component of the
modulus G’ (e) dominating the mechanical behavior of the gel over the viscous component
G” (o) over two decades of angular frequency. (C) The magnitude of strain (5%) applied to
the modulus measurement in fig 3A was in the linear region of the viscoelastic spectrum.
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The plot shown is for the case of 8.6mM Ca?* in a self-gelling alginate formulation ((G’ (e))
and loss (G” (0)).
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Figure 4. IL-2 loaded into self-gelling alginate is released in a sustained manner over a week in
vitro

Cumulative release of IL-2, loaded into the self-gelling alginate formulation containing
11.1mM Ca?*, as quantified by ELISA assay.
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Figure 5. CpG oligonucleotide immobilization on alginate microspheres and activation of DCs by
CpG-bearing microspheres

(A) Brightfield and fluorescence (FITC) micrographs of calcium reservoir microspheres
coated with polylysine and FITC-CpG. (scale bars: 50um). (B) Kinetics of FITC-CpG
release from CpG/PLL/alginate particle suspensions (5 nmol FITC-CpG/108 microspheres)
into serum-containing cell culture medium (o), CpG released from self-gelled alginate
(11.1mM Ca?*) containing the same number of CpG/PLL/alginate particles (), or soluble
CpG released from self-gelled alginate (11.1mM Ca?*) encapsulating equivalent amounts of
soluble CpG (o). (C) 1x106 bone marrow-derived dendritic cells (BMDCs) were incubated
with 5-10x10° alginate microspheres, PLL/alginate microspheres, CpG/PLL/alginate
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microspheres, or 1 pM soluble CpG (positive control), or were left untreated for 18 hrs, then
analyzed for surface marker expression by flow cytometry. Shown are flow cytometry
scatter plots of BMDCs gated on CD11c* cells, showing CD40 and MHC class I
expression. Heavy boxes highlight highly mature (activated) CD40MMHC 11N cells. CpG/
PLL-coated microspheres were also able to trigger IL-6 (D) and IL-12p70 (E) secretions in
BMDC:s at least as efficiently as the soluble CpG did.
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Figure 6. Self-gelling alginate structures and self-gelling alginate encapsulating Cy5-CpG/PLL-
coated alginate microspheres in vivo

(A) Brightfield (left) and reflectance mode (right) images of self-gelling alginate (~9x10°
microspheres in 150uL SLM20, 0.01g/mL) injected subcutaneously into back flanks of mice
and explanted after 19 hrs shows micron-scale fibrils. (scale bars: 50um). (B) Brightfield
(left) and fluorescence confocal (right) images of self-gelling alginate with 6-
aminofluorescein-labeled SLM20 reveals the fibrillar structures are not associated with
alginate, indicating alginate forms macroporous gels when injected subcutaneously in vivo.
(scale bars: 20um). (C) Fluorescent Cy5-CpG (purple) on the surfaces of PLL-modified
alginate microspheres was encapsulated into self-gelling alginate and injected into GFP+
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mice. Cy5-CpG-coated microspheres are intact 48 hrs post-injection (left, scale bar:25 um)

and are accessible to infiltrating cells (right, shown in green, scale bar:15 um) that can ingest
the oligonucleotides. The micrographs are projections of z-planes over 6 pm.
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Figure 7. Host cells Infiltrate self-gelling alginate and preferentially occupy void spaces in the
porous matrix

Fluorescence confocal microscope images of fluorescently labeled self-gelling alginate
(purple) explanted from back flanks of mice 48 hrs after injection. Infiltrating GFP* cells
occupied void spaces in the macroporous gel structure and extended lamellipodia into void
spaces (blue arrows), with some phagocytic cells having ingested the matrix alginate
indicated by intracellular deposits of labeled alginate (white arrows). (scale bars: 50um).
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Table 1
Concentration of calcium ions in self-gelling alginate injected in vivo with or without
calcium reservoir microspheres

Total Ca2* in explanted gels Calculated Ca2* contribution from
Gel composition ~ Microsphere-derived Ca2+ [mM] [mM] interstitial fluid [mM]
no microspheres 0 5.5+0.5 5.5+0.5
with microspheres 3.740.3 8.1+1.3 4.5+0.2
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