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Essential cellular functions are often lost under culture in traditional two-dimensional (2D) systems. Therefore,
biologically more realistic three-dimensional (3D) cell culture systems are needed that provide mechanical and
biochemical cues which may otherwise be unavailable in 2D. For the present study, an alginate-based hydrogel
system was used in which cells in an alginate solution were seeded onto dried alginate foams. A uniform distri-
bution of NIH:3T3 and NHIK 3025 cells entrapped within the foam was achieved by in situ gelation induced by
calcium ions integrated in the foam. The seeding efficiency of the cells was about 100% for cells added in a seeding
solution containing 0.1-1.0% alginate compared with 18% when seeded without alginate. The NHIK 3025 cells were
allowed to proliferate and form multi-cellular structures inside the transparent gel that were later vital stained and
evaluated by confocal microcopy. Gels were de-gelled at different time points to isolate the multi-cellular structures
and to determine the spheroid growth rate. It was also demonstrated that the mechanical properties of the gel could
largely be varied through selection of type and concentration of the applied alginate and by immersing the already
gelled disks in solutions providing additional gel-forming ions. Cells can efficiently be incorporated into the gel,
and single cells and multi-cellular structures that may be formed inside can be retrieved without influencing cell
viability or contaminating the sample with enzymes. The data show that the current system may overcome some
limitations of current 3D scaffolds such as cell retrieval and in situ cell staining and imaging.

Introduction

ACURRENT GoAL in developing biomaterials for cell cul-
ture, drug development, and tissue regeneration is to
mimic the natural extracellular matrix (ECM) bridging the
gap between in vitro and in vivo conditions.' The approaches
are highly diverse and aim at several aspects of creating
environments for cells that reproduce, or mimic, what is
found in nature. In the body, nearly all tissue cells reside in
an ECM that consists of a complex three-dimensional (3D)
fibrous meshwork of collagen and elastic fibers embedded in
a highly hydrated gel-like material of glycosaminoglycans,
proteoglycans, and glycoproteins, all together providing
complex biochemical and physical signals.”

Despite the major differences compared with these 3D cell
environments, most cell culture studies are performed using
cells cultured as monolayers (two dimensional [2D]) on hard
plastic surfaces because of the ease, convenience, and high
cell viability associated with this culture method. However,
forcing cells to adapt to an artificial flat and rigid surface can

alter cell metabolism and change or reduce functionality,
thereby providing results that may not be similar to expected
behavior in vivo.> Hence, a need for more realistic and con-
trollable 3D cell culture that supports cell growth, organi-
zation, and differentiation is evident. Due to the large range
of tissues being modeled with a variety of physical archi-
tectures and mechanical characteristics, the applicability of
several different types of materials has been investigated and
the formats are diverse.

Formats of alternative scaffolds to culture cells on 2D
plastics include beads, fibers, membranes, meshes, foams, or
hydrogels of different shapes and sizes.>® Even 2D cell cul-
ture onto different types of scaffolds show benefits compared
with plastics, and valuable information about cellular re-
sponses to matrix stiffness and incorporated cell signaling
factors has been obtained from such experiments.*” Some
macroporous scaffolds, typically meshes, fibrous patches, or
foams, enable cell seeding throughout the thickness of the
matrix and cells may be spatially organized. Such systems
are, however, considered semi-3D or 2.5D,*® as the initial
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cell-matrix interaction will be more similar to what is found
in 2D, with cells on the surface of fibers or pore walls. A
major challenge with such scaffolds may be cell seeding ef-
ficiency and cell distribution, as the pores are often either too
small to let cells in or too large to retain cells inside. A variety
of approaches have been investigated to overcome this
challenge by utilizing, for example, cell seeding devices,’
bioreactors,™° centrifugal force,'! and vacuum.'*>%

As referenced by others>® and in the present study, 3D cell
culture can be defined as when cells are embedded in a hy-
drogel and signals from the scaffold and surrounding cells
can be received from all directions. This requires that cells
are first suspended in a hydrogel precursor solution and next
entrapped by a gel initiation reaction forming covalently or
noncovalently linked molecules."*'* Hydrogels from both
synthetic (for example, poly(ethylene glycol) (PEG), poly-
(hydroxyethyl methacrylate) (polyHEMA), and polyvinyl
alcohol [PVA]) and natural polymers (for example, alginate,
chitosan, hyaluronan, and dextran) are widely explored, in-
cluding animal-derived materials from de-cellularized tissue
and isolated proteins such as collagen and fibrin. Compo-
nents of animal tissue are naturally recognized by cells due
to the presence of cell binding ligands'® and have been
considered good materials for scaffolds. However, these
materials are less attractive because of a reduced degree of
experimental control due to batch-to-batch variations as a
result of their inherent diversity in material composition, the
potential risk of pathogen transmission, immunogenicity,
limited availability, and serious concerns for obtaining
regulatory approval for use in the clinic.® Despite the ho-
mogeneous nature of synthetic polymers, their use as cell-
entrapping materials has to some extent been avoided, due
to harsh polymerization conditions.? However, some initia-
tor systems for photopolymerization of, for example, PEG-
diacrylates are suitable for cell-based hydrogel formation
while considering cytotoxicity, cross-linking efficiency, and
cross-linking kinetics.'” Several find natural hydrogels of
nonanimal origin of great interest because of their out-
standing biocompatibility and mild gelation conditions, al-
though limited control of gelation kinetics, uncontrolled
material composition, and limited control over mechanical
properties have been reported.”

Alginates were introduced in the 1980s as a material for
immobilizing living cells and creating an artificial organ.'®
Culture of cells in alginate gel beads is well known,'” and a
standard guide describing cell encapsulation in alginate is
available from ASTM International.” Alginates comprise a
family of linear polysaccharides that can be extracted from
brown seaweed and some bacteria. Alginates consist of (1 —
4) linked PB-D-mannuronate (M) and o-L-guluronate (G)
monomers. The content and distribution vary considerably
between different alginates, enabling a structural basis for
tailoring alginate-based materials.”! Alginates form hydro-
gels in the presence of certain divalent cations such as cal-
cium and strontium, and blocks of consecutive G-residues
(G-blocks) present in the polymer chain are the key structural
elements of ionically cross-linked alginates. The mechanical
properties of alginate-based hydrogels depend on the
monomer composition of the alginate, its molecular weight,
amount, and the gelling ions used and their concentra-
tions.®**** Well-characterized alginates with high purity
may be used to prepare scaffolds with consistent mechani-
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cal properties for cell encapsulation and implantation
with functionality as ECM.**? Such scaffolds are non-
immunogenic and can be made to have adjustable bior-
esorption properties that are strongly influenced by the
amount and type of gelling ions initially bound to the algi-
nate, and the alginate molecular weigh’c.zé’31 Bioresorption
can also be modified by the use of hydrolytically susceptible
oxidized alginates®®**** and incorporation of cross-links
cleavable by local proteolysis by matrix metalloproteinases.*
Mammals do not have the capability to enzymatically de-
grade alginate molecules; however, a slow cleavage of the
glycosidic bonds will take place due to alkaline p-elimination
and acid hydrolysis, which may occur simultaneously under
physiological conditions,® although the former seems to dom-
inate at pH 7.4 The rate constant of cleavage of glycosidic
bonds can be estimated to about 3x 10~ h™".3* Renal clearance
has been shown for alginates below approximately 50 kDa.*”
The present work describes the use of dried calcium al-
ginate foams as a scaffold and source of gelling ions for an
applied alginate solution that fills the pores of the foam and
forms a gel in situ. In situ gelation is initiated by calcium ions
that diffuse from the foam as it becomes rehydrated by the
alginate solution, enabling entrapment and even distribution
of cells and other molecules throughout the scaffold. A
transparent composite hydrogel structure is formed, com-
prising a framework of rehydrated alginate foam filled by an
alginate gel. The recent study describes a time-efficient and
simplified system for 3D cell culture, where cell entrapment
and cell retrieval is performed at conditions that are physi-
ologically relevant for the cells. The characteristics of gelation
rate and rigidity of the gels were evaluated by the influence
of the concentration of applied alginate, and the type and
concentration of gelling ions. Distribution of cells and seed-
ing efficiency of murine fibroblasts (NIH:3T3) were com-
pared and investigated for cell seeding solutions without
alginate and with different alginate concentrations. Further,
cell proliferation, formation of multi-cellular structures, and
retrieval of cells and cellular structures were demonstrated
using a human cervical carcinoma cell line (NHIK 3025).

Materials and Methods
Alginate foams and alginate for in situ gelation

Preparation of ionically gelled alginate foams by me-
chanical incorporation of air into an alginate solution, gela-
tion, and subsequent air drying has been previously
described.®® A few modifications were made to achieve a
foam structure optimized for in situ gelation and cell seeding.
Briefly, 2.0% (w/w) alginate (PRONOVA UP LVG, Fg: 0.68,
Ngs1: 15.0, Mw: 219 000g/mol, NovaMatrix; FMC Bio-
Polymer) was selected for the wet foam composition. A 4%
aqueous dispersion of CaCOj; (0.43%, HuberCal 500 Elite; J.
M. Huber Corp.) was sonicated (40Hz, Branson 200) for
3x10s to prevent agglomeration of particles.®* The
amount of plasticizers in the wet foam formulation was 5.6%
sorbitol (BioUltra; Sigma-Aldrich) and 2.4% glycerin (Ultra-
Pure; Invitrogen). 1.5% hydroxypropyl methyl cellulose
(HPMC, Pharmacoat 603; Shin-Etsu) was used as the only
foaming agent. Slowly hydrolyzing glucono-é-lactone (GDL,
1.53%, Glucono delta lactone T; Roquette) was added to in-
duce gelation by a transient lowering of pH and associated
dissolution of CaCOj; particles. The molar ratio of
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GDL:calcium was 2:0.8 to ensure complete dissolution of the
CaCO; particles. Calcium was added to saturate 68% of the
alginate monomers, where 100% saturation equals a molar
ratio between the alginate monomers and calcium of 2:1. The
wet foam was cast at 2mm thickness and gelled for 4h be-
fore drying. Disks (diameter: 14.5 mm) were cut from sheets
of dry foam and placed in separate wells of 24-well cell
culture plates (Costar; Corning, Inc.). The plates containing
foam disks were sterilized by gamma (y)-irradiation by a
dose of 20kGy at the Institute for Energy Technology. The
foam is a component of NovaMatrix®-3D cell culture kit
(www.nova

matrix-3D.com).

The foam used for the cell proliferation experiment de-
scribed later had a molar ratio of GDL to calcium of 2, and
calcium was added to saturate 85% of the alginate mono-
mers. The formulation was later changed as described earlier
to ensure complete dissolution of the CaCO; particles.

Alginates applied to dry alginate foam disks and used
for in situ gelation are presented in Table 1 with regard to
chemical composition (Fg and Ng.1), and weight average
molecular weight (Myy).

Oscillatory rheology

A Physica MCR 300 rheometer (Anton Paar) was used to
evaluate the in situ gelation kinetics of different alginates
(Table 1) (0.5% (w/v) solutions). The alginates were dis-
solved in Dulbecco’s-modified Eagle’s medium (DMEM;
Sigma-Aldrich) supplemented with 10% heat-inactivated
Fetal Bovine Serum (FBS; Sigma-Aldrich), 1% Penicillin/
Streptomycin (pen/strep 10, 000 units/mL; Biochrom AG),
and 1% MEM nonessential amino acid solution (100x)
(Sigma-Aldrich). Two dry foam disks were placed on top of
each other on the serrated platform, and 200 uL of alginate
solution were added. The foams were allowed to absorb the
alginate solution for 1 min before the probe was placed into
the measuring position. Polydimethylsiloxane (Xiameter
PMX-200/10 ¢S, PDMSV; Dow Corning) was added to avoid
drying of the gel, and the measurement started 1min and
155 after the addition of alginate solution. The structures
were analyzed with a serrated probe (PP15, diameter 15 mm)
at 37°C, 1Hz frequency, 1% strain, and a constant gap of
0.7mm. The structures were somewhat compressed to en-
sure good contact between the material and the serrated
probe and platform. The values of storage modulus (G’), loss

TaBLE 1. WEIGHT AVERAGE MOLECULAR WEIGHT (Myy)
AND CHEMICAL COMPOSITION OF ALGINATES USED
FOR IN S1TU GELATION (DATA FROM SUPPLIER)

Molecular  Fraction of Average
Alginate weight, G monomers, G-block length,
(PRONOVA UP) My (g/mol) Fg Ngs1
MVG 207, 000 0.69 12.3
LVM 128, 000 0.43 5.4
LVG® 114, 000 0.69 15.5

*Component of NovaMatrix®-3D. Vial of 50mg micro-filtered
(0.22 um) and lyophilized alginate.

LVG, PRONOVA UP LVG; MVG, PRONOVA UP MVG; LVM,
PRONOVA UP LVM.
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modulus (G”), and phase angle (5) were followed over time.
Each type of alginate solution was tested in triplicate.

Young’s modulus

The rigidity of alginate gels formed by in situ gelation was
determined by compressing the gels with a Texture Analyser
TA-XTplus (Stable Micro Systems) that was equipped with a
5kg load cell and a cylindrical probe (diameter: 6.35 mm).
The gels were compressed at a constant speed of 0.05mm/s,
and Young’s modulus was calculated from the first linear
region of nonzero slope, between 5% and 10% strain, of the
stress—strain curve. The gap was kept constant at 2.00 mm,
and the thickness of the gel was calculated from the distance
the probe traveled before it came in contact with the gel.

Gels were first prepared to evaluate the influence of con-
centration of the alginate solution on in situ gelation. Solu-
tions of PRONOVA UP LVG (LVG) alginate (Table 1) were
prepared in complete DMEM within the concentration range
of 0.10-1.25% (w/v). 100 uL. LVG solution or DMEM only
was added to alginate foams in 24-well plates and placed in
an incubator with a humidified atmosphere, 37°C and 5%
CO,. After 10min, 1.5mL DMEM at 37°C was added and
incubation continued for 2h before the gels were analyzed.
Next, the effect of adding extra gelling ions on Young’s
modulus was evaluated. In brief, 1.5mL of an isotonic cal-
cium solution of 50 mM CaCl, (Merck) and 250 mM mannitol
(Sigma-Aldrich) or an isotonic strontium solution of 50 mM
SrCl, (Merck) and 250 mM mannitol at 37°C was added to
gels 10 min after the addition of 0.5% and 1.0% LVG. After
10min of incubation, the solutions with additional gelling
ions were removed, the gels were washed with DMEM, and
1.5mL new DMEM was added. The gels were incubated for
another 2h at 37°C before they were analyzed. Young's
modulus was measured at different time points to evaluate
the stability of gels over time. Gels were prepared with 0.5%
LVG in DMEM and analyzed at day 0 (after 2h incubation in
DMEM), 3, 7, 14, and 21. DMEM was replaced thrice a week,
and new gels were tested at each time point. Young’s modulus
is reported as the average of three to six replicate samples.

Cell types and maintenance of cells

NHIK 3025, an established cell line derived from a human
cervical carcinoma in situ,*' and NIH:3T3, a cell line of murine
fibroblasts from ATCC (CCL92), were kept in exponential pro-
liferation by passaging thrice a week as monolayers in standard
cell culture flasks (Nunc). NHIK 3025 and NIH:3T3 cells were
cultured in Eagle’s Minimum Essential Medium (MEM; Sigma-
Aldrich) and DMEM, respectively, and both media were sup-
plemented with 10% heat-inactivated FBS and 1% pen/strep
(complete media). DMEM was additionally supplemented with
1% MEM nonessential amino acids. The cells were kept in a hu-
midified atmosphere at 37°C and 5% CO,. Cells were detached
from the culture flasks using a trypsin/ethylenediaminete-
traacetic acid (EDTA) solution containing 0.05% (w/v) trypsin
(Sigma-Aldrich) and 0.02% (w/v) EDTA (Sigma-Aldrich).

Alginate gels—cell seeding, culture, and retrieval

LVG alginate (Table 1) was dissolved in complete DMEM
(NIH:3T3) or MEM (NHIK 3025) medium to obtain 1.00%
or 1.25% (w/v) solutions. Cells from monolayer culture were
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detached and counted using a Scepter™ 2.0 cell counter
(MilliPore). A cell seeding solution to be applied onto the
foams was prepared by mixing cells in DMEM or MEM me-
dium with the alginate solution. 100 uL of the cell seeding
solution was then applied dropwise to each foam disk in the
24-well plate. The foam absorbed the solution completely and
became fully hydrated. The disks were incubated at 37°C for
10min before approximately 1.5mL MEM/DMEM was ad-
ded to the wells and the cells were cultured further. MEM/
DMEM was replaced thrice per week, and disks were trans-
ferred with a spatula to new wells if cells grew out of the gels
and formed monolayers on the bottom of the wells.

Cells and multi-cellular structures that formed inside the
foams were retrieved by dissolving the alginate disks. Each gel
disk was transferred with a spatula to a micro centrifuge tube
containing 1.5mL isotonic solution at 37°C of 50 mM trisodium
citrate tribasic dihydrate (Sigma-Aldrich) and 104 mM NaCl
(Merck) for dissolution. The tubes were gently agitated or
turned during the de-gelling process, which took approxima-
tely 2min. The tubes were then centrifuged at 320 g for 5min,
the supernatants were aspirated, and the cell pellets were
resuspended in DMEM/MEM. For evaluation spheroids as
described later, the isotonic citrate solution was added to disks
in a petri dish and the spheroids were released from the gel.

Cell seeding efficiency and cell distribution

The influence of alginate concentration in the cell seeding
solution on cell seeding efficiency and cell distribution was
evaluated by preparation of different cell seeding solutions
containing NIH:3T3 cells. Monolayer NIH:3T3 cells were first
vital stained with a 2 uM Calcein AM solution prepared from
10 pL of a 1mM Calcein AM stock solution (Ex/Em: 495/
516 nm; Invitrogen Molecular probes) and 5mL Hanks’ bal-
anced salt solution (H8264; Sigma-Aldrich). The cells were
covered with the Calcein AM solution and kept dark at room
temperature for 45 min.

Cell seeding solutions were then prepared with the
stained cells (5.0x10° cells/mL) that were suspended in
supplemented DMEM only, 0.1%, 0.5%, or 1.0% (w/v) LVG
alginate dissolved in DMEM. The exact cell density in each
solution was then determined (Scepter 2.0 cell counter) in
triplicate. 100 pL of the cell seeding solution was applied to
each of three foam disks and after 10 min of incubation at
37°C, 1.0mL DMEM was added and the cells were incubated
further for 1h. To remove cells that were potentially not
entrapped inside the foam disks, the DMEM surrounding the
gels was replaced, before the gels were transferred with a
spatula to new wells, and 1.0 mL DMEM was added.

Images demonstrating cell distribution throughout the
gels were obtained using a confocal laser scanning micro-
scope (Nikon Modular confocal microscope system D-Eclipse
C1 attached to Nikon Eclipse TE 2000-U microscope; Nikon
Instruments) that was equipped with an argon laser and
filter (Ex/Em: 488/515nm). The images were processed us-
ing Nikon EZ-C1 software (v 3.30).

To quantify the entrapped cells and determine the seeding
efficiency, the gels were de-gelled as described earlier, and
the cells were counted using a Scepter 2.0 cell counter. The
relative seeding efficiency was calculated from the total cell
number found from the averaged value of two cell counts for
each of the three disks.
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Cell proliferation

A cell seeding solution was prepared with NHIK 3025
cells (2.0x10° cells/mL) suspended in 0.5% (w/v) LVG al-
ginate dissolved in MEM. The cells were entrapped, cul-
tured, and retrieved by dissolution of the disks after 6, 12,
and 19 days of culture and counted using a Countess® au-
tomated cell counter (Life Technologies). At day 19, large
spheroids had formed inside the gels. The spheroids were
disaggregated by treatment with trypsin/EDTA to produce a
suspension of single cells. The action of trypsin was stopped
by adding FBS. The total cell number at each time point was
calculated as the average value of two cell counts for three
disks. Data were then normalized to the initial cell seeding at
day 0.

Spheroid formation

A cell seeding solution was prepared with NHIK 3025
cells (2.5%10° cells/mL) suspended in 0.5% (w/v) LVG al-
ginate dissolved in MEM. The cells were entrapped, cultured
and at different time points, viable cells were stained while
being inside the gel. Gel disks were then transferred to
separate small petri dishes (diameter: 3.6 cm), and entrapped
cells were stained using Calcein AM (in Hanks’) or Cell-
Trace™ CFSE cell proliferation kit (Molecular Probes; Ex/
Em: 492/517 nm). Staining of viable cells using Calcein AM
was performed as described earlier. For CellTrace CFSE, a
stock solution of 5mM was prepared by addition of 18 uL
DMSO and then, the working solution of 10 or 20 uM was
prepared by dilution with Hanks’. The disks were covered
with 1 mL working solution and incubated at 37°C for 15 min
before the working solution was replaced with Hanks” and
incubated further for 30min. All disks with stained cells
were washed thrice with Hanks’ before imaging. Cells were
stained with 10 uM CellTrace CFSE at day 0, with 20 uM
CellTrace CFSE at days 6 and 10, with 2 uM Calcein AM at
day 16, and with 4 pM Calcein AM at days 23 and 30. The
concentration was increased due to the increase in cell den-
sities, and better images were obtained when staining with
Calcein AM compared with CellTrace CFSE at higher cell
densities.

Distribution of spheroids within the alginate gel disks
was evaluated using confocal laser scanning microscopy
before isolating stained spheroids from two dissolved gel
disks. About five images of cells from each disk were used
to manually determine the diameters of 50 spheroids using
the software with the confocal microscope. At day 0, the
disks contained only single cells, and data were obtained
from 30 cells from one gel disk. Not all of the formed
multi-cellular structures were perfectly spherical, and the
vertical and horizontal diameters were measured and av-
eraged for each multi-cellular structure. The growth rate of
spheroids was followed by calculating the volume of the
spheroids.

Statistical analysis

Statistical analysis was carried out using single-factor
ANOVA. *p<0.05, **p<0.01, and **p<0.001. The data
were fitted by GraFit 7.0.2 (Erithacus Software Limited).
All data are presented as meanz+standard deviation
(SD).
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FIG.1. Schematic presentation of the steps of in situ gelation including (A) application of sodium alginate solution on top of
a dry calcium alginate foam; (B) Rehydration of the foam by the alginate solution filling its pores, and diffusion of calcium
ions from the foam lamellas to the absorbed alginate; (C) Formation of a calcium alginate hydrogel inside the pores of the
foam. The alginate solution may contain cells or other materials that will be entrapped in the hydrogel that is formed.

Results
In situ gelation

A continuous hydrogel was formed immediately after the
applied alginate solution had been absorbed by the dry al-
ginate foam disk. A stepwise description of the in situ gela-
tion reaction is shown in Figure 1 and includes absorption of
a sodium alginate solution by the calcium alginate foam (Fig.
1A) and the subsequent gelation of the alginate solution
filling the pores as calcium ions diffuse from the hydrated
lamellas of the foam (Fig. 1B, C). The transparent hydrogel
structure that is formed comprises a framework of hydrated
alginate foam with a hydrogel filling its pores.

The in situ gelation reaction was monitored by oscillatory
rheometry (Fig. 2). At all time points, the elastic properties of
the materials dominated (G’>G”). In addition, the ratio of
G”:G” increased over time, showing that gel formation and
gel rigidity increased as the added alginate cross-linked and
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FIG. 2. Gelation kinetics described by oscillatory rheometry
after addition of 0.5% alginate solutions to dry alginate foam
disks shown as storage modulus, G’ (thick black), loss
modulus, G” (thick gray), and phase angle, § (thin black).
The gelation properties of PRONOVA UP LVG (solid line),
PRONOVA UP MVG (dashed line), and PRONOVA UP
LVM (dotted line) alginates in alginate foams are shown. The
relative SD in the measurements was between 2-20%.

gelled within the pores of the rehydrated foam. The increase
in the dominating elastic properties of the gel was also
confirmed by the decreasing phase angle (3), defined as
tan ! %, where & defines a Newtonian liquid at 90°, a
Hookean solid at 0°, and viscoelastic materials in between
with dominating elastic properties of the material for
0°< 8 <45° that increase toward 0°. The highest G" (2.6 kPa)
was seen for gels with PRONOVA UP MVG (MVG), ap-
proximately 1.8 times higher than gels with PRONOVA UP
LVM (LVM). The time derivative of the phase angle (dé/dt)
indicates a similar rate of gelation for the different types of
alginate in this system.

Mechanical properties of gel discs

Compression testing was performed on gel disks added
different concentrations of alginate solutions. Increased gel
thicknesses and Young’s moduli were seen for increas-
ing LVG alginate concentrations within the range tested
(0-1.25%) (Fig. 3A). The gel thickness increased from
0.93+£0.07mm for the foams-added DMEM only to
1.30+0.10mm for the foams-added 1.25% LVG alginate.
Further, addition of gelling ions by immersing the disks in
isotonic gelling solutions of either SrCl, or CaCl, for a few
minutes significantly influenced the rigidity of the disks-
added 0.5% and 1.0% LVG alginate (Fig. 3B). Almost twice as
rigid gels were achieved by immersing the disks in SrCl,
compared with CaCl, (Fig. 3B). Disks with 0.5% LVG algi-
nate that were kept in DMEM cell culture media which was
replaced thrice per week showed stable and then slightly
increasing Young’s modulus over 3 weeks (Fig. 3C).

Cell seeding efficiency and distribution

Images of fluorescently stained NIH:3T3 cells entrapped in
gel disks show a striking effect of the presence of alginate in
the cell seeding solution on cell seeding efficiency and cell
distribution (Fig. 4A-D). Just a few cells were entrapped
when they were applied to the foam suspended in DMEM
only (Fig. 4A), whereas cells in 0.1%, 0.5%, and 1.0% alginate
were uniformly distributed throughout 650 pm to 800 pm of
the foam thickness (Fig. 4B-D). The uniform distribution of
cells inside the gel, when applied to the foam suspended in
1.0% alginate, are evident on 3D images in xy- and xz- di-
rections (Fig. 4E).
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FIG. 3. Young’s modulus of gel disks as a function of the applied LVG alginate concentration (A). The effect on Young's
modulus of gel disks added 1.0% or 0.5% LVG alginate followed by immersion in isotonic gelling solutions of either SrCl, or
CaCl, (B). Young’s modulus over time for gel disks-added 0.5% LVG alginate and kept in Dulbecco’s-modified Eagle’s
medium (DMEM), which was replaced thrice per week (C). Characterization of gel disks in A, B, and C (Day 0) was
accomplished on disks kept in DMEM for 2h. Significance is considered between different treatments for the same con-
centration of added alginate. *p <0.05, **p<0.01, and ***p <0.001. Error bars present SD.

The high seeding efficiency was confirmed by counting of
the cells retrieved from the foam when the seeding solution
contained any concentration of alginate. Overall, 95-115% of
the cells seeded in alginate was retrieved from the gel disks,
whereas only 18% of the cells seeded without alginate be-
came entrapped (Fig. 4F).

Cell proliferation, spheroid formation, and isolation

The proliferation of NHIK 3025 cells cultured in gel disks
was followed for almost 3 weeks (Fig. 5A). Minor changes in
total cell number were seen after 1 week of culture, whereas
a 12-fold and 57-fold increase was measured after 12 and
19 days, respectively. The cells showed formation of multi-
cellular aggregates as spheroids with increasing volumes
over 30 days (Fig. 5B), with an average diameter of the
spheroids after 30 days of 372+211 um. Images of cells re-
trieved from the gels and inside the gel at different time
points are shown in Figure 5C-F.

Discussion

The first aim of this study was to demonstrate the principles
of in situ gelation. The delayed gelation enables the foam to be
filled with the alginate solution before calcium ions diffuse
from the rehydrated foam, thereby inducing gelation of the
absorbed solution. A study by Herlofsen et al.*> demonstrated
preparation of self-gelling alginate hydrogel disks by mixing a
suspension of calcium alginate particles with a solution of
sodium alginate and human bone marrow-derived mesen-
chymal stem cells for chondrogenic differentiation. Besides this
study, there have been no other reports of the use of calcium
alginate foam as the source of gelling ions for alginate solu-
tions containing biologics and no previous reports utilizing
predefined shapes such as the foams described here. The ge-
lation kinetics and mechanical properties of the gels were
influenced by the type of alginate that was applied to the
foams (Figs. 2 and 3A). Previous studies®** demonstrated an
increased strength and elasticity of alginate hydrogels by in-
creasing the G-content of the alginate and by increasing the
alginate concentration in a similar manner to what is demon-
strated here. In this study, however, the calcium-to-alginate

ratio was decreased by increasing the alginate concentration,
whereas it was kept constant in the other studies. The slight
flattening of the curve in Figure 3A for the highest alginate
concentrations may be explained by the reduced amount of
calcium ions available to gel the added alginate.

The ability to tune the mechanical properties of the gel
is a positive attribute, as the foams contain a preselected
concentration of gelling ions. Differentiation of stem cells and
behavior of differentiated cells have been shown to be
influenced by the mechanical properties of alginate hydro-
gels,>** and alginate hydrogels can be prepared within the
elasticity range of most tissues.* The system presented here
matches the elasticity of soft tissues,* and the demonstrated
variations were obtained by changing the applied alginate
and alginate concentration. The foam itself may also influ-
ence the resulting gel structure elasticity, as it may be made
from different types and concentrations of alginate and
contain different types and concentrations of gelling ions.*
The foams used in this study were sterilized by y-irradiation,
which induce alginate degradation and therefore loss of
mechanical integrity of the foam itself.® The selection of
v-sterilization doses will have an influence on the mechanical
properties and also bioresorption rates of implantable alginate
structures.>?® Relative to other studies,*® the lower y-dose of
20kGy was used to retain better mechanical integrity.

A further increase in rigidity of the gels was achieved by
adding extra gelling ions (Fig. 3B) by immersing the gelled
structures in solutions of SrCl, or CaCl,. An increased rigidity
of strontium alginate gels compared with calcium alginate
gels is ascribed to the higher affinity of G-rich alginates for
strontium.'”* A comparison of gels formed by cross-linking
solutions of strontium, zinc, and calcium salts for bone tissue
engineering’’ showed increased stability of hydrogels by
increasing alginate concentration, G-content, and strontium
as the gelling ion. The same study also showed that in-
creased rates of released strontium ions enhanced osteogenic
differentiation. In addition, the ability to tune biodegradation
may influence cellular behavior and formation of new tissue
in response to mechanical stimuli. The present technology
would enable utilization of the approaches previously de-
scribed to tune the rate of degradation and to improve the
quality and amount of newly formed tissue.**>>3°



FIG. 4. Distribution of
NIH:3T3 cells in gel disks and
cell seeding efficiency influ-
enced by the alginate concen-
tration in the cell seeding
solution 2 h after seeding. Cell
localization throughout the
thickness of the gel indicated
by colors when cells were
suspended in cell seeding so-
lutions containing alginate
concentrations of 0% (A),
0.1% (B), 0.5% (C), and 1.0%
(D). Cell distribution in gels
showed for xy- and xz-
directions (E). Percent cell
seeding efficiency as a func-
tion of alginate concentration
in the cell seeding solution
(F). Magnification: x40. Scale
bars: 100 um, Color bars:
foam thickness 0—400 pm (A),
0-700 um (B, D) and 0-600 um
(C). The error bars depict SD.

FIG. 5. Proliferation of NHIK 3025 cells
normalized to initial cell seeding when
cultured in alginate gel disks as a function of
time (A). An approximate exponential
increase in cell number was found with a
cell doubling time of 3.0£0.3 days. Volume
of spheroids as a function of time, with an
almost exponential increase between days 0
and 16 before it levels off (B). The calculated
time to obtain double volume was based

on the exponential fit of data between days 0
and 16 and was found to be 1.43+0.05
days. The images show distribution of
calcein-stained cells throughout the thickness
of the gel at the day of seeding (C), inside
the gel after 6 days of culture (D), isolated
after 16 days of culture (E), and inside the gel
after 23 days of culture (F). Magnification:
x40 (C-E) and x100 (F). Scale bars: 100 pm.
Error bars present SD.
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A potential limitation to the use of ionically gelled algi-
nates for cell culture is the sensitivity toward calcium-
chelating compounds such as phosphate, citrate, and lactate,
or nongelling cations such as sodium or magnesium. The
gels prepared here showed no reduction in rigidity over 3
weeks when kept in DMEM (Fig. 3C). Cell culture media
such as DMEM and MEM contain 1.8mM Ca®*, which is
sufficient to retain gel stability in this study, whereas other
culture media such as Roswell Park Memorial Institute me-
dium (RPMI, 0.4mM Ca®*) and some other model physio-
logic solutions may need to be supplemented with Ca**.*®
Alternatively, increased stability can be achieved by regular
immersion of the gels in solutions with gelling ions. Pre-
paration of strontium alginate foams®**” for in situ gelation
may also increase the stability of the gels. An alternative
approach is to form covalently cross-linked hydrogels,* but
later dissolution of the gels for cell retrieval may be chal-
lenging without the use of alginate lyases.*?

The second aim of this study was to demonstrate the
utilization of the two-component alginate system for uni-
formly seeding cells into the foam structure, followed by
prolonged 3D cell culture, and retrieval of cells or multi-
cellular structures by subsequent dissolution of the gels. The
highly interconnected foams fully absorbed the cell seeding
solutions of cells suspended in alginate solution or DMEM.
Only a few cells were entrapped in the foams when seeded
in DMEM only (Fig. 4A), whereas the in situ gelation ensured
uniform distribution of NIH:3T3 cells throughout the thick-
ness of the gels (Fig. 4B-E). Furthermore, neither cell distri-
bution nor seeding efficiency was influenced by the
concentration of alginate in the cell seeding solution from
0.1% to 1.0% alginate (Fig. 4B-D). The importance of alginate
in the cell seeding solution was demonstrated by 95-115% cell
seeding efficiency with alginate compared with 18% without
alginate (Fig. 4F). There is, however, most likely an upper
limit in viscosity for the seeding solution, as a too high solu-
tion viscosity would impair absorption by the foam and thus
have an impact on structure homogeneity and cell distribu-
tion. The viscosity of the alginate will be influenced by both
the concentration and molecular weight of the alginate.

A similar approach using a porous alginate-chitosan
scaffold and an alginate-containing cell seeding solution has
been demonstrated.*” In that study, the scaffold was first
soaked in cell culture medium for at least 24 h, and the me-
dium was removed by vacuum before the cells were seeded
in the alginate solution. In contrast to the present study,
diffusion of externally added calcium ions was used to gel
the applied alginate. This will also expectedly give a struc-
tural difference compared with this system, as a pre-
determined amount of calcium will be evenly distributed
inside the foam upon rehydration. The foams presented here
may, therefore, be used to obtain isotropic gels with an ad-
justable degree of ionic cross-linking. A different approach of
in situ gelation was presented by Weinstein-Oppenheimer
et al.,”® who initiated a gelling reaction by mixing cells with
thrombin and fibrinogen before the suspension was added to
a porous scaffold. A fibrin gel with cells entrapped was later
formed inside the pores. Ushida et al.’! entrapped cells in a
scaffold of nonwoven poly-L-lactic acid by thermal gelation
of an applied solution of collagen and cells. High seeding
efficiency and uniform distribution of cells were achieved;
however, retrieval of the cells from the device was not dem-
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onstrated. The ability to retrieve cells may enable further ex-
amination of cells and cellular structures by, for example,
immunohistochemistry, gene and protein expression studies, or
flow cytometry. The dissolution step did not seem to influence
cell viability or disrupt the multi-cellular structures (Fig. 5E).

Cells entrapped in alginate hydrogels are mainly sur-
rounded by an aqueous environment giving cells the space
and ability to proliferate and form multi-cellular structures.
This was confirmed here by NHIK 3025 cells entrapped in
hydrogels of 99.5% aqueous medium and 0.5% alginate (Fig.
5A). This indicates a slower proliferation rate compared with
a cell cycle time of 23.6h reported for culture of these cells
in monolayers with the same culture media.”* The cell cycle
time of NHIK 3025 cells cultured as spheroids in culture
media on nonadherent culture flasks has been reported to
depend on the distance from the spheroid surface.”> Com-
pared with 2D culture, the cell cycle traverse takes about 1.7
and 2.2 times longer if they are in the outer parts or the inner
region of the spheroid, respectively.”® An increasing volume
of multi-cellular structures was seen over the entire period of
30 days (Fig. 5B-F). After an approximated exponential
growth between days 0 and 16, the growth seemed to level
off, most likely inhibited by the high number of large spher-
oids (Fig. 5F). After 6 days of culture, only a minor increase in
cell number was observed, while the volume of cells and
cellular structures over the same period increased 10-fold.
This may be explained by an initial formation of spheroids,
but this should be investigated further, and staining of the
DNA of each cell may better indicate the number of cells in
each spheroid. The experiments were not conducted at the
same time and with the exact same foam formulation.

The rapid formation of spheroids by NIHK 3025 cells (Fig.
5B, D-F) suggests that the technology may be a relevant tu-
mour model for cancer drug development."*** Spheroid
growth curves similar to Figure 5B can be made to evaluate
drug and dose efficiency in a manner more relevant than
current 2D studies. In addition, such systems are highly de-
sirable as a replacement for toxicity testing in animals and in
preclinical assays for the selection of appropriate drug can-
didates. Hydrogels may also be used as engineered xenografts
containing structures to grow and deliver entrapped cancer
cells in vivo to potentially increase the take rate (cell survival)
and increase tumour formation.”” The lack of cell-ECM inter-
actions with alginate may stimulate cell-cell interaction and
provide valuable information for studies of cell-cell commu-
nication in tumor development.! However, studies of cell-
ECM interactions are also compatible with this system, as al-
ginates may be covalently modified to contain known types
and densities of cell adhesion molecules. Either the foam and/
or the seeding solution may contain modified alginates with
covalently attached signaling factors such as ligands that are
recognized by integrins®*” or syndecan cell receptors™.

The cell density should be optimized for the specific cell type
and application, as it may influence cellular behavior such as
proliferation rate, viability, deposition of newly formed ECM,
and differentiation. Guidance of optimal cell densities using
this system can be adapted from the literature where this pa-
rameter is investigated in comparable scaffolds for specific cell
types such as chondrocytes,” " keratinocytes,®" hepatocytes,®
and intervertebral disk cells.® The scaffold design such as
porosity and dimensions are also crucial to ensure sufficient
flow of oxygen, nutrients, and cellular waste products. This
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flow may be impaired by very large scaffolds and high poly-
mer concentration, and approaches that are utilized to improve
this parameter include identification of critical scaffold di-
mensions, use of macroporous scaffolds, and use of perfusion
bioreactor systems.>616465

In addition to cells, the current system may be used to
deliver drugs and signaling molecules from either the
foam®®*” or the gelled alginate solution. The release kinetics
of molecules entrapped in alginate gels is influenced by their
size and/or charge and can be released by diffusion through
the pores of the gel network (5 to 200nm) or as the gel de-
grades.®® The release rate of fluorescent dextrans entrapped
by in situ gelation in alginate foams showed a 30% slower
release of the dextran of 70 kDa compared with 10 kDa.*” The
diffusivity can be adjusted by type and concentration of al-
ginate in addition to type and concentration of gelling
ions.?®%% Alginates as immobilization matrices for cells and
the release of therapeutic molecules take advantage of this
control over diffusivity, as relatively small molecules such as
nutrients, oxygen, proteins, and waste molecules freely dif-
fuse in and out of the hydrogel, whereas the cells may be
protected from the immune cells of the host.”

The nonanimal origin of the alginate-based system pre-
sented here likely offers less batch to batch variations that
are inherently found in animal-derived materials and also
reduced risk of pathogen transmission. This, therefore, also
makes the system more relevant for in vivo use. In addition, it
may provide a 3D platform for fundamental studies of cell
mechanobiology and additional biomimetic approaches to
tissue engineering such as incorporation of signaling mole-
cules, which warrant further investigation.

Conclusions

The in situ gelation technique enables tailored mechanical
properties of the foams utilizing the macromolecular prop-
erties of different alginates, in addition to the concentration
of alginate and amount and type of gelling ions. The seeding
efficiency of cells was 95-115% when cells were added in a
seeding solution containing 0.1% to 1.0% alginate compared
with 18% when seeded without alginate. A uniform distri-
bution throughout the scaffold was achieved when the see-
ded cells were suspended in alginate. The cells were allowed
to proliferate and form multi-cellular structures inside the gel
that were vital stained and evaluated by confocal micros-
copy. Intact multi-cellular structures were isolated by dis-
solution of the gels for determination of spheroid growth
rate, suggesting applicability as a tumor model.

The in situ gelation of alginate solutions within alginate
foams containing cross-linking ions represents a new way of
preparing transparent foam-hydrogel structures with a var-
iable degree of cross-linking and mechanical properties.
Furthermore, cells or other constituents may easily be evenly
entrapped into the gels, and cell viability and proliferation
may easily be followed by confocal microscopy. In addition,
dissolution of the gel disk structures enabled easy retrieval of
the containing cells and/or multi-cellular structures.
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